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Preface

TuE CLEAN AIR AcT requiresthe useof reformulatedgasoline(RFG) in
specific areasof the United Stateswith substantialozone-pollution
problemsin an effort to makeemissionsfrom light-duty motor vehicles
(automobilesandsmalltrucks) lessozoneforming andlesstoxic. That
actrequiresBIG to havea minimumoxygencontentof 2% (by weight)
to promotemore-extensivecombustionof ozone-formingpollutants.
Methyl tertiary-butyl ether (MTBE) andethanolare two of the most
widely usedoxygenatesthatare blendedinto BIG to attainthe oxygen
requirement.

The U.S. EnvironmentalProtectionAgency (EPA) hasestablished
emissionperformancestandardsfor RFG blendsbasedon the mass of
emissionsof volatile organic compounds. Becauseethanol-blended
gasolinehasa highervolatility thanother blendsandthus resultsin
increasedevaporationof organiccompounds,it is difficult for such
blendsto meet the BIG stabdardsunlessthe ethanolis blendedwith
speciallow-volatility gasoline,which is moreexpensiveandnot readily
availablein manymarkets.

Proponentsfor theincreaseduseof ethanolin BIG believethat the
effectsof the increasedvolatility of ethanolblendscouldbeoffsetby th
benefitsthatmight be achievedthrougha reduction in ozone-formin~
potential. It is believedthatemissionsfrom the useof ethanolblendso
BIG are less reactivein the atmosphere.However, EPA hasno estab
lishedmethodto assessRFGblendson thebasisof ozone-formingpoten
tial.

Somemembersof CongresshavebeenurgingEPAto considercerti

ix



x PREFACE

fying RFG blends basedon atmosphericreactivity or ozone-forming
potential of the resultingemissions—noton just the massof emissions
as is done now. At the urging of SenatorLugar and others,EPA ar-
rangedfor this studywith the National ResearchCouncil (NRC). The
Committeeon Ozone-FormingPotentialfor ReformulatedGasolinewas
formed in 1997 by the NRC in responseto therequestfrom EPA.

The committeewas askedwhetherthe existing body of scientific
andtechnicalinformationis sufficientto permita robustevaluationand
comparisonof the emissionsfrom motor vehiclesusingdifferentrefor-
mulatedgasolinesbasedon their ozone-formingpotentialsandto assess
the concomitantimpact of that approachon air-quality benefitsof the
useof oxygenateswithin the BIG program. As part of its charge,the
committeewasaskedtoconsider (1) the technicalsoundnessof various
approachesfor evaluatingand comparingthe relativeozone-forming
potentialsof REG blends, (2) technicalaspectsof various air-quality
issuesrelatedto RFG assessment,and (3) the sensitivityof evaluations
of therelativeozone-formingpotentialsto factorsrelatedto fuel proper-
ties andthe variability of vehicletechnologiesanddriving patterns.

It is importantto notethatthecommitteewasnotaskedto consider
scientific issuesbeyond air quality, such as the relative health risks
relatedto humanexposureto variousblendsof RFG andtheir resulting
emissions. Also, the committeewasnot asked to addressthe political,
economic,andlegalramificationsof changingthewaythatRFGcertifica-
tion is carriedout.

The committeewasgenerouslyassistedby manypeople,including
thosewho presentedvaluable information anddocumentsduring the
committee’spublic sessions:CharlesFreed,SusanWillis, andChristine
Brunner,U.S. EPA;DeanSimmerothandLawrenceLarsen,CaliforniaAir
ResourcesBoard (CARS) staff; Dennis Lawler, Illinois EPA; Michael
Ward,of SwidlerandBerlin; GaryWhitten, SystemsApplicationInterna.
tional; Alan Dunker, General Motors; Cal Hodge, OxygenatedFuels
AssociationTechnicalCommittee;Barry McNutt, U.S. Departmentof
Energy; William Carter,University of California at Riverside; Robert
Harley,Universityof Californiaat Berkeley;HowardFeldman,American
PetroleumInstitute;CharlesSchleyer,Mobil. Specialthanksare dueto
PatriciaMcElroy andRobertBeaverof the University of California at
Riverside,andKevinClearyof CARB staffwho providedvaluableassis-
tancein dataanalysis.Also, RobertDinneen,RenewableFuelsAssocia-
tion; StephenCadle,CoordinatingResearchCouncil; andJoseGomez,

PREFACE xi

CARE staff, providedveryusefulinformationatthecommittee’srequest.
This reporthasbeenreviewedin draft form by individualschosen

for theirdiverseperspectivesandtechnicalexpertisein accordancewith
proceduresby the NRC’sReportReviewCommittee.The purposeof this
independentreviewis to providecandidandcritical commentsthatassist
the NRC in making the publishedreport as soundas possibleand to
ensurethat the report meetsinstitutional standardsfor objectivity,
evidence,andresponsivenessto the studycharge. The contentof the
final reportis theresponsibilityof theNRCandthestudycommitteeand
not theresponsibilityof the reviewers.The reviewcommentsanddraft
manuscriptremainconfidentialto protecttheintegrityof thedeliberative
process.We wish to thankthefollowing individuals for their participa-
tion in the review of this report: David Allen, University of Texas at
Austin; Bart Croes,CARl) staff; RichardDerwent,MeteorologicalOffice,
Berkshire,U.K.; Alan Dunlcer, GeneralMotors; ThomasGraedel,Yale
University; RobertHarley, University of California at Berkeley; I-Iarvey
Jeifries,University of North Carolinaat Chapel Hill; DouglasLawson,
NationalRenewableEnergyLaboratory;ThomasPeterson,Universityof
Arizona; F. SherwoodRowland,Universityof California atIrvine; Marc
Ross, University of Michigan; CharlesSchleyer,Mobil; Lance Wailer,
EmoryUniversity;andGaryWhitten,SystemsApplicationInternational.

The individualslistedabovehaveprovidedmanyconstructivecom-
mentsandsuggestions.It mustbe emphasized,however,that responsi-
bility for the final contentof thisreport restsentirelywith the authoring
committeeandthe NRC.

The committeewasablyassistedby NRCstaff, especiallyRaymond
Wassel,JamesReisa,JamesZucchetto,Laurie Geller, K. JohnHolmes,
RobertCrossgrove,Ruth Danoff, TracieHolby, andothers.

Finally, I would like to expressmy thanksto the membersof the
committeefor their diligent work. This report reflects the committee’s
consensusresponseto its charge.

William Chameides,
Chair, Committeeon Ozone-Forming
Potentialfor ReformulatedGasoline
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Executive Summary

THE FEDERAL REFORMULATEDGASOLINE (RFG) Programwasmandatedby
the CleanAir Act Amendmentsof 1990 (PublicLaw 101-549) to help
mitigatenear-groundozonepollution,a principalcomponentof “smog,”
in the United States. In the lower atmosphere,ozoneis producedby
chemicalreactionSinvolving nitrogenoxides (NOr), a greatvariety of
volatile organiccompounds(VOC5), andcarbonmonoxide(CO) in the
presenceof sunlight. All threetypesof ozone-precursorcompoundsare
emittedby gasoline-fueledmotorvehicles,sothe control of motorvehi-
cle emissionshas beena major emphasisof the nation’s effort over
severaldecadesto addressthe problemof ozonepollution.

The RFG program attempts to lower motor-vehicle emissions
throughre-engineeringgasolineblends. Forexample,the CleanAir Act
mandatesa specifiedminimumoxygencontentin RFG blendsto help
reduceemissionsof ozoneprecursorsfrom gasoline-fueledmotorvehi-
cles andto reducetheneedfor sometoxic compounds,suchasbenzene,
in the fuel. By itself, conventionalgasolinehas no oxygencontent.
Therefore,oxygen-containingchemicaladditives,calledoxygenates,are
blendedinto the fuel.

Implementationof theRFGprogramhasinvolvedcontroversyabout
how to determinewhich RFG formulationsmeetthe various require-
mentsof the programandwhich do not. The useof oxygenatesin RFG
is perhapsthe most contentiousaspect. Methyl tertiar~’-burylether
(MTBE) andethanolaretwo of the oxygenatesmostcommonlyusedto
meetthe RFGprogram’soxygenrequirement.Oneaspectof thecontro-
versyinvolvesthe releaseof toxic compoundsinto theenvironment;for
example,a phase-outof MTBE hasalreadybeenmandatedin California

1



2 OzONE-FORMING POTENT/AL OF REFORM/ILl TED GASOLINE EXECUTIVE SUMMARY 3.

becauseof concernabout environmentalrisks associatedwith MTBE
leakageinto drinkingwater. Theotheraspectof thecontroversy,which
is the focusof thisreport, relatesto theozonepollution problem. MTBE
andethanolcan affect the amountsandtypes of ozoneprecursorcom-
poundsemitted from tailpipesof motor vehiclesas well as from the
evaporationof unburnedfuel. Questionspersistoverwhich oxygenate
is preferablein termsof air-quality impact.This report addressesthe
potentialimpactof oxygenatesin RFGon the ozone-formingpotentialof
emissionsfrom motor vehicles.

How shouldregulatoryagenciesdetermineif oneRFG blendusing
a particularoxygenateis preferableto another?In attemptingto miti-
gateozonepollution, the U.S. EnvironmentalProtectionAgency (EPA)
currentlyaddressessuchq’uestionsby estimatingthemassof VOC emis-
sionsresultingfrom the useof an individualRFG blend. If theestimated
massof emissionsexceedsa specifiedamount,that fuel blendis disal-
lowed. However,a differentmethodfor assessingREG blendshasbeen
proposed. Although certainfuel blends,such as thoseusing ethanol,

- mightresult in greateramountsof emissionsin termsof mass(because
of the volatility of ethanol),it is argued that thoseemissionshavea
lower ozone-formingpotentialcomparedwith emissionsfromotherfuel
blends. Therefore,the argumentgoes,EPA’sassessmentof RFG blends
should be basednot only upon massof emissions,but also upon their
reactivity (i.e.,ozone-formingpotential).

To help assessthe scientific underpinningfor this question,EPA
asked the National ResearchCouncil to study it independently. In
response,theResearchCouncil formedthe Committeeon Ozone-Form-
ing Potentialof ReformulatedGasoline,whichhaspreparedthis report.
The committeewas chargedto assessthe utility andscientific rigor of
evaluatingthe ozone-formingpotentialof theemissionsresultingfrom
RFG use(i.e., an approachthat takesinto accountnot only the total
massof emissions,but also the potential of the emissionsto produce
ozone). The committeewas not chargedor constitutedto addressthe
designor implementationof possible new regulationsbased on the
ozone-formingpotentialof RFG blends. In addition,the committeewas
notchargedorconstitutedto addressrelevant,but separate,issuesabout
domesticsourcesversusforeignsourcesof fuel, relativeenergyandcost
implicationsfor the productionof differentRFG blends,relativehealth
andglobalenvironmentalimpacts,or the useof renewableversusnon-
renewablefuels.

In approachingthe taskaddressedby thecommittee,it is usefulto
notethe contextthat hasled to the RFGprogramand,thus,to the need
for this study. Efforts to reduceozonepollution in the United States
haveclearly hada positive impact on our nation’s air quality. After
accountingfor theeffectsof meteorologicalfluctuations,datafrom EPA’s
AerometricInformationRetrievalSystemindicatethatpeakozonecon-
centrationsin 41 metropolitanareasin the UnitedStatesdecreasedby
about 10% overall from 1986 to 1997 despitegrowing fuel usage.
Nevertheless,ozone pollution remainsa problem;in 1997, about48
million peoplelived in areasof the UnitedStatesthatwereclassifiedas
ozone“non-attainment”areas,and promulgationof the new 8-hr Na-
tional AmbientAir Quality Standard(NAAQS) of 0.08 partspermillion
(ppm) for ozoneis projectedto triple the numberof countiesin non-
attainmentandto resultinextensivenon-attainmentin ruralareasof the
easternUnitedStates.Thepersistenceof ozonepollutionhassparkeda
needfor innovativeapproachesto mitigation, and the REG programis
onesuchattempt.

An assessmentof the ozone-formingpotential of emissionsfrom
motor vehicles fueled by RFG requiresinformation on the types and
amountsof emissionsfrom thevehicles. Gasoline-fueledvehiclesemit
VOCs, NOR, andCO. VOCs from engineexhaustincludemanydifferent
compounds,someof which are not presentin the original fuel but are
createdin combustion. VOCs can alsoevaporatefrom a vehicle’s fuel
system,andarethusindependentof combustion.Eachtypeof VOC can
reactdifferently in the atmosphereandthus affect the overall ozone-
forming potentialof vehicularemissions. NO~and CO emissionsare
generatedduringcombustionandoccuronly in theexhaust.

In additionto whatandhowmuchis emitted,evaluatingthe ozone-
forming potentialof variousRFGblendsinvolvesassessinghow reactive
the emitted pollutants might be in the chemicalprocessesthat form
ozonein the lower atmosphere.If the effect of RFG on air quality is
large,then the differencebetweentwo blendsof RFG might be readily
discernible. On the otherhand, if RFG hasa very small effect on air
quality, it is likely to be very difficult to identify which of two RFG
blendsis preferablein termsof air-qualityimpacts,letaloneto quantify
theseeffectsreliably.

With bothits chargeandthecontextin mind, thecommitteeunder-
took a review and analysisof relevant data and literature and also
consideredwritten andoralstatementsfrom numerousexpertsfrom the
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academic,private, and public sectors. The major findings of these
deliberationsandanalysesaresummarizedbelow.

1. OZONE-PRECURSOREMISSIONS FROM
GASOLINE-FUELED VEHICLES

Overall emissionsofozoneprecursorsfrom gasoline-fueledmotorvehicles
havesubstantiallydecreasedin recentdecades,largely asa resultofgovern-
mentmandatesand industry’s developmentand useofnewemissioncon-
trols on motorvehicles.

Accordingto EPA estimatesfor 1997,emissionsof VOCs from on-
road gasoline-fueledmotor vehiclescontributedabout26% to the total
inventoryof VOC emissionsfrom all sources.Correspondingly,on-road
vehiclescontributed22% to the inventoryfor NON, and56%for carbon
monoxide(CO). Thesecontributionsareprojectedto continueto shrink
in the coming years. If correct, this would imply that the potential
impactof usingRFGon near-groundozoneconcentrationswill decrease
with time. In fact, air-qualitymodelssuggestthatimplementationof the

- RFG programreducespeakozoneconcentrationsby only a few percent.
Even if the relativecontributionof motorvehiclesto the current inven-
tory of ozoneprecursoremissionsfrom all sourceshasbeenunderesti-
mated(which, historically, has oftenbeenthe case),the reductionin
peakozonefrom the BEG programwouldstill likely be lessthan10% at
most. Although long-term trends in peakozonein the United States
appearto bedownward,it isnot certainthatanypartof thesetrendscan
be significantly attributedto the useof RFG. -

2. HIGH-EMI111NG MOTOR VEHICLES

A sizableportion of the ozone-precursoremissionsfrom gasoline-fueled
motor vehiclesappearsto be associatedwith a relativelysmallnumberof
high-emittingvehiclesin the UnitedStates.

Emissions tests, tunnel studies,and remote-sensingof tailpipe
exhaustsuggestthata disproportionatelylargefractionof motor-vehicle
exhaustemissionsarisefrom a relativelysmallnumberof high-emitting
vehicles.Many suchvehicleshaveimproperlyfunctioningcatalystsys-
temsbecauseof catalystdeteriorationor impropercontrol of theair-to-
fuel ratio. In addition, tests performedduringthe operationof motor
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vehicles indicate that a substantialcontribution of emissionsoccurs
duringa cold start(i.e.,beforethe catalystsystemreachesits operating
temperature).The committeedid not havesufficient information to
assesswhethervehicleswith malfunctioningevaporative-controlsystems
alsoareimportantcontributors.Thegreatmajority of emissionstesting
ofmotorvehiclesusingRFGhasbeenperformedon normallyfunctioning
vehicles,and there is substantialuncertaintyover how RFG affects
emissionsfrom high emittingvehicles.Therefore,it is difficult to quan-
tify totalmotor-vehicleemissionsfor anentiremotor-vehiclefleetand to
assessthe efficacy of the useof RFG for the full driving cycle.

3. THE USEOF REACTIVITY IN ASSESSING
THE OZON E-FORMING POTENTIAL OF EMISSIONS

Theuseof reactivityin assessingthe ozone-formingpotential ofVOCemis-
sionshasreacheda substantiallevelofscientificrigor, largely as a resultof
researchsparkedby policy making in California over the past several
decades.

Ozonechemistryinvolvesmanythousandsofreactionsandasimilar
numberof compounds.Not only doesozoneformationresponddiffer-
ently to differentVOC compoundsanddifferentamountsof NO~,it also
respondsdifferently in differentlocationsor pollution episodes.Assess-
mentof reactivity is mostappropriatefor VOC-limited areas(i.e., areas
whereozoneconcentrationsaremore sensitiveto changesin VOC con-
centrationsthan to changesin NO~concentrations). It is likely that
reactivityfactorscouldbeusedin thoseareasto addressnon-attainment
of thenew8-hr, 0.08-ppmNAAQS for ozone,in a mannersimilar to that
usedto addressnon-attainmentof the current1-hr, 0.12-ppmNAAQS.
However,it shouldbe notedthat in NO~-limitedregions,reactivity—as
it is currentlyused—isof limited valuewith respectto ozonemitigation.
Little researchhasbeenundertakenon thederivationandapplicationof
NO~reactivity.

4. RELATIVE REACTIVITY AS A MEANS OF COMPARING FUELS

Themostrobustreactivity measuresfor comparingemissionsfromdifferent
sourcesaretheso-calledrelative-reactivityfactors, buttheyareoftenuncer-
tain and oflimited utilityfor comparingsimilarBEG blends.
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Thesefactorsareformedby takingthe ratioof the reactivityof one
compoundor emissionsourceto thatof another,andtherebycancelink
out manyof theuncertaintiesassociatedwith the calculationof reactivi-
ties. Evenso, relative-reactivityfactorsaretypically subjectto substan-
tial uncertainty.Variousstudiessuggestthattheuncertaintyin relative
reactivity for emissions,such as thosearising from motor vehiéles,is
generallyabout15-30%(atthe95%level of statisticalconfidence).The
majorcontributorsto thisuncertaintyarisefromthe substantialvariabil-
ity and difficulty in characterizinghow different vehiclesrespondto
changesin fuel composition,the limited amountof testdataavailable,
andthe limited knowledgeof howwell avehiclefleetis characterizedby
the availabledata. Becausethe reactivity of emissionsfrom motor
vehiclesusingvariousBEG formulationstendsto bequitesimilarandthe
emissionscompositionsovariable,the reactivityapproachis sometimes
of limited utility.

5. REACTIVITY OF CO EMISSIONS

CO in exhaustemissionsfrom motorvehiclescontributesabout20%to the
overall reactivityof motor-vehicleemissions.

The contributionof CO to ozoneformationshouldberecognizedin
assessmentsof the effectsof BEG. If addingan oxygenateto a gasoline
significantly changesthe amountof CO emitted by the motor vehicle
fleet, thiswouldaffectozoneformation. Further,asVOCemissionsfrom
mobile sourcescontinueto decreasein the future, CO emissionsmight
becomeproportionatelyanevengreatercontributorto ozoneformation.
The committeedid not concludethat the variousI1FG oxygenatesaf-
fected CO emissionsto such a degreethat they substantiallyaltered
reactivitycomparisonsbetweenRFGblends.However,it is importantto
notethattherearesubstantialuncertaintiesin howfuel oxygenimpacts
CO emissionsfrom high-emitters,as well as in thecontributionof high-
emittersto overall CO emissions.

-. 6 OVERALL AIR-QUALITY BENEFITOF RFG

Emissionstests, tunnel studies, and remote-sensingof tailpipe exhaust
indicate that RFG usagecan causea decs-easein both the exhaustand
evaporativeemissionsfrommotor vehicles.

In addition to a minimum oxygen content,the RFG programre-

quiresgasolineblendsto havea numberof othercharacteristicsthatare
intendedto producelower emissions. Majorcontributorsto decreased
emissionsappearto be lowering the ReidVapor Pressure(RVP)’ of the
fuel, which helpsdepressevaporativeemissionsof VOC, and lowering
the concentrationof sulfur in the fuel, which preventspoisoningof a
vehicle’scatalytic converterby sulfur. Overall, it is estimatedthat useof
RFG canresultin approximatelya 20%reductionin themassand total
reactivity of VOC emissionsfrom motor vehicles. In addition, such
blendscanlead to reductionsin emissionsof CO andsomeair toxics.
Despitesuchemissionreductions,however,theoverall effectof theRFG
programon ozoneair quality is expectedto be difficult to discern.

7. EFFECTOFOXYGENATESINRFG

The useof commonlyavailable oxygenatesin BEG has little impact on
improvingozoneair qualityand has somedisadvantages.

Although there is someindication that oxygenatesdecreasethe
massof VOC andCO exhaustemissions,aswell as their combinedreac-
tivity, the decrease,if any,appearsto be quite small. Moreover, some
data suggestthat oxygenatescan lead to higherNO~emissions,which
are moreimportantthanVOC emissionsin determiningambientozone
levelsin someareas.Thus,theadditionof commonlyavailableoxygen-
atesto BEG is likely to havelittle air-quality impactin termsof ozone
reduction.

The mostsignificantadvantageofoxygenatesin RFG appearsto be
a displacementof sometoxics (e.g.,benzene)fromthe BEG blend,which
resultsin a decreasein toxic emissions. l-Iowever, not all air toxics are
decreased;for example,emissionsof formaldehydearenot decreased
andmightevenbe increasedby MTBE blendsof BEG. Although ethanol
blendsof BEG might not increaseformaldehydeemissions,theyleadto
increasedemissionsof acetaldehyde.

- 8. MTBE BLENDSVERSUSETHANOL BLENDS—
EXHAUST EMISSIONS

The reactivityof the exhaustemissionsfrom motor vehiclesoperatingon

‘RVP is theconstrainedvaporpressureof a fuel at100°F.
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ethanol-blendedRFGappeartobe lower—butnot sign~cantlylower—than
the reactivity of the exhaustemissionsfrom motor vehiclesoperatingon
MT.BE-blendedRFG.

Datafromemissiontestsindicatethatthereis nostatisticallysignifi-
cantdifference (at the 95% confidencelevel) betweenBEGs blended
with MTBE orethanolin themassofVOC or NO~exhaustemissionsfrom
motor vehicles. Thereis alsono statisticallysignificantdifferencebe-
tweenMTBE andethanolblendsin the reactivityof VOC exhaustemis-
sions. No evidencesupportsthe claim that reactivity-weightedVOC
emissionsfrom properlyoperatingmotor vehiclesusingBEG with etha-
nol would besignificantlylessthanthosefrom motorvehiclesusingBEG
blendedwith MTBE, evenif theethanol-containingfuel hadmoreoxygen
than the MTBE-containing fuel. On the other hand, somedata indicate

thatexhaustemissionsof CO from motor vehiclesusing RFG blended
with ethanolaresomewhatlower thanthoseof motorvehiclesusingan
MTBE-blendedRFG. As aresult,asmall reductionin thereactivityof the
combinedVOC and CO exhaustemissionsfrom motor vehiclesmight
result from the useof an ethanol-blendedRFG over that of a MTBE-
blendedBEG.

9. MTBE BLENDSVERSUS ETHANOL BLENDS—
EVAPORATIVE EMISSIONS

Boththe massand reactivity (massofozonepermile) ofevaporativeemis-
sionsfrom motor vehiclesusing ethanol-blendedRFG were significantly
higher thanfrom motor vehiclesusingMTBE-blendedRFG.

The higherevaporativeemissionsof theethanol-blendswerelikely
due, at leastin part, to the fact that such blendshadan RVP that is
approximately1 poundpersquareinch (psi) higherthantheequivalent
MTBE-blendedfuel. Moreover, the increasein total reactivityof evapo-
rativeemissionsfrom theethanol-blendedBEG faroutweighedthesmall
decreasein the reactivityof theexhaustemissionsdescribedin Finding
8. As.a result, it appearsthata net increasein the overall reactivity of
motor-vehicleemissions(exhaustplus evaporative)would result from
theuseof ethanol-blendedBEG (with an elevatedRVP) insteadofMTBE-
blendedRFG.

10. REID VAPOR PRESSUREOF ETHANOL-CONTAINING FUEL

On the basisofFinding9 above, it appearslikely that the useofan ethanol-
containingRFG with an RVP that is .1 psi higher than other RFG blends
would be detrimentalto air quality in termsof ozone.

This conclusionis consistentwith the California Air Resources
Board’s1998evaluationthatled to its decisionagainstallowinga I psi
RVP-waiverfor ethanol-containingfuels. However, it should be borne
in mind that (1) the committee’sconclusionis basedon tests using
properlyfunctioningmotor vehiclesand,thus,mightor might not have
underestimatedthe benefitsof using ethanol-blendedRFG in high-
emitting vehicles;and (2), as discussedearlier, the overall impact on
ozoneof allowing the useof ethanol-containingfuel would likely be
quite small in anycase.

11. USEOF REACTIVITY TO EVALUATE RFGS

Thecommitteeseesno compellingscientificreasonsat this timeto recoin-
mendthat fuel cert(fication underthe BEGprogram be evaluatedon the
basisof the reactivityof theemissioncomponents.

Analysesof availabledataon emissionsfrom the useof ethanol-
blended RFG and MTBE-blended BEGs showed that mass-emissions
differencesbetweenthe two fuels varied on occasionfrom the differ-
encesfoundby usingreactivityasa basis. However,in no casewas the

• fundamentalconclusionconcerningthechoiceof onefuel oyeranother
on thebasisof relativepotentialair-qualitybenefitsalteredby switching
from a mass-emissionsmetric to a reactivity-weightedmetric~

12. MODELS USEDTO CHARACTERIZEEMISSIONS
FROM RFG BLENDS

The models currently used to inform regulatory decision making—by
quantifyingemissionsfrom motorvehiclesthat useRFGblends—areprob-
lematic.

The current modelsarebasedon regressionequationsdeveloped
from dataobtainedfrom a limited set of tests on a small samplingof
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motorvehicles.AlthoughtheComplexandPredictivemodelsaredistinct
from modelsusedto estimatethemobilesourceinventory,their capabil-
ity of reflectingactual emissionsneedsto be improved. In somecases,
algorithms used to developthe regressionequations for the models
ignoreimportantparametersthatcaninfluenceemissions.Forexample,
theComplexModel,developedby EPA,doesnot accountfor temperature
variationswhencalculatin~evaporativeemissions.ThePredictiveModel,
developedby theCaliforniaAir ResourcesBoard,excludesconsideration
of evaporativeemissions.Another potentialsource of error in both
modelsarisesfrom their treatmentof high-emittingvehicles. As noted
above,a largeportionof motor-vehicleemissionscomefrom high-emit-
ting vehicles. However,the emissionsfrom thesevehiclesare likely to
be quite variableandthusdifficult to characterizethroughsamplinga
smallsubsetof the total population.

13. OPPORTUNITYTOTRACK EFFECTSOF
PHASEII RFG PROGRAM

The scheduledimplementationof PhaseII of the federal BEG
programin 2000offersa uniqueopportunityto trackanddocumentthe
impactof anew ozone-mitigationprogram. Plansshould be madeand
implementedfor an atmosphericmeasurementsprogramto assessthe
impactof PhaseH RFG on (1) emissionsof ozoneprecursorsfrom the
on-road and non-road motor vehicle fleet, as well as ozone-forming
potentialof thoseemissions;and(2) theimpactof thesechanges,if any,
on ambientconcentrationsof ozoneandits precursors.

Introduction

PHOTOCHEMICAL SMOG, and its concomitant high concentrationsof
ground-levelozone(03) andothernoxiouscompounds,is causedby a
complexseriesof chemicalreactionsinvolving theoxidationof volatile
organiccompounds(VOCs)’ andcarbonmonoxide(CO) in thepresence
of nitrogenoxides (NO,) and sunlight (Figure 1-1). As illustrated in
Figure 1-2,thetransportationsectoris responsiblefor a largefractionof
VOC, CO, andNO,, emissionsin the United States. On-road gasoline.
fueledmotorvehiclesareestimatedto accountfor about26%of theVOC
emissionsfrom all sourcecategories,about56% of the CO emissions,
andabout22% of theNO~emissionsin 1997 (EPA 1998). As a result,
motor vehicleshavebeena primary targetfor emissioncontrols in the

‘An organiccompoundis a compoundcontainingcarboncombinedwith

atomsof otherelements,commonlyhydrogen,oxygen,andnitrogen. Simple
carbon-containingcompoundssuchascarbonmonoxide(CU) andcarbondiox-
ide (CU2) are usually classifiedas inorganiccompounds. A volatile organic
compound(VOC) is an organiccompoundthat exists as a gasunder typical
atmosphericconditions.A largenumberofacronymsareusedto denotevarious
categoriesof volatileorganiccompounds;alistingof someof themorecommon
acronymsandtheirmeaningsis presentedin Chapter3. In thisreport,organic
compoundsin the gasphasearereferredto as“VOCs” unlessnotedotherwise.

1

11
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FIGURE 1-1 Atmospheric ozone (03). Left-handed graphic: average 03 mixing ratio (in parts per billion by volume) as a function
of altitude; center: photochemical processes responsible for producing 03 in the stratosphere and troposphere; right-handed
inset: column abundance of 03 in atm-cm (i.e., the height of the 03 column if it were compressed to 1 atmosphere pressure).
Although only VOCs and NO, are shown as ozone precursors, carbon monoxide (CO) can participate, in much the same way as
VOCs, in the sequence of reactions leading to ozone formation. Source: Adapted from EPA 1998.
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States by source category. Emissionsfrom on-road vehicles are included in the transportation source category. Source:
EPA 1998.
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nation’s strategyfor mitigation of the ozonepollution problem.2-3 As
partof this effort, theCleanAir Act Amendmentsof 1990calledfor the
developmentand use of reformulatedgasoline (BEG)4 in light-duty
motor vehicles to reducethe ozone precursoremissionsfrom those
vehicles.

Throughthe CleanAir Act Amendmentsof 1990,Congressman-
datedthat RFG containat least2.0%oxygenby weightto decreasethe
emissionsof ozone-precursorsandair toxics. To meetthatrequirement,
RFGblendstypically containsmallamountsof additivesreferredto as
oxygenates,whichareorganiccompoundsthatcontainsomechemically
boundoxygen. The useof theseoxygenatesin RFG hasgiven riseto a
complexandoftencontentiousdebateconcerningthe relativebenefits
of oneoxygenatedcompoundoveranother(e.g., methyl tertiary-butyl
ether(MTBE) versusethanol)~Oxygenatescanaffect theamountsand
types of ozoneprecursorsemitted by motor vehicles in different and
potentially offsettingways. Is oxygenatedgasolinepreferablefrom an
air-qualitypoint of view overnonoxygenatedgasoline?Is oneoxygen-
atedcompoundclearlypreferablefrom an air-qualitypoint of view over
another?Should someoxygenatedadditivesbe allowed to be usedin
RFGwhereasothersshouldnot be allowed? In the traditionalapproach
to ozonemitigation in the United States,thesequestionsareaddressed
in astraightforwardandsimplemanner:the massof precursoremissions
from the useof variousRFGblendsin motor vehiclesareassessed;and,

2EPA estimatesthat non-roadgasoline-fueledmotorvehiclesaccountfor
about9%of theVOC emissionsfromall sourcecategories,about19%of theCO
emissions,andabout19%of the NO, emissionsin 1997 (EPA 1998). Because
emissiontestdatafrom non-roadvehiclesfueledby KEGwerenot availableto
thecommittee,considerationof suchemissionswerenot includedin thisstudy.

3Uncertaintiesassociatedwith mobilesourceemissionestimatesare dis-
cussedin Chapter4.

41n this report,“RFG” is usedin the mostgenericsenseto referto blends
of gasolinethathavebeenreformulatedto changeanyof amultitudeof gaso-
line-blendcharacteristics(e.g.,blendcontent,oxygencontent,sulfurcontent,
andvaporpressure)andmotor-vehicle-emissionscharacteristics.Suchuseof
theterm“KEG” shouldnot beconfusedwith themorenarrowregulatorydefini-
tionsof REG asa gasolineblendthatis compliantwith thespecificrequirements
of the federalKEG programor the California KEG program. Thoseregulatory
definitions representasubsetof the rangeof possiblereformulatedgasolines.

if the massof emissionsfrom a blendexceedssomespecifiedamount,it
is disallowed. In this report, the committeeassessesthe utility and
accuracyof analternateapproachbasedon evaluatingtheozone-form-
ing potentialof ozone-precursoremissions.With suchan approach,an
RFGblendwith a high rateof emissionsbasedon massmight beconsid-
eredacceptableif thoseemissionswereof relativelylow ozone-forming
potential. It should be notedthatthis report is limited to the scientific
andtechnicalaspectsof tinsissue;thepossibledesignor implementation
of regulationsbasedon ozone-formingpotentialarenot addressed.

THE OZONE-POLLUTION PROBLEM

For every billion atmosphericmolecules,there are, on average,only
about300ozonemolecules. Despitethis minute concentration,atino-
sphericozonehasa major impact on the environment. In the strato-
sphere,whereabout90% of the atmosphere’sozoneresides,it protects
life from harmfulultraviolet radiation from the sun. In the upper part
of the troposphere,ozone is critical to the oxidation processin the
atmosphereby which awide rangeof pollutantsis removedfrom theair
webreathe.

Ground-levelozone (i.e., at the lowest part of the troposphere)
representsa small, but important,componentof the total burden of
ozonefound in thetroposphere.Although ground-levelozoneconcentra-
tions in remoteregionsof the atmosphereareabout20 to 40 partsper
billion by volume (ppb), those concentrationsoften exceed100 ppb
during episodesof increasedair pollution andcan riseabove200 ppb
during severeepisodesin urban areas.5 When ozoneconcentrations
reachincreasedlevels, they can harm ratherthan sustainorganisms.

51n this report, the abundanceor concentrationof atmosphericozone
will be expressedin termsof its volume mixing ratio; that is, the numberof
ozonemoleculesper unit volume of air divided by the total numberof atino-
sphericmoleculesperunitvolumeof air. Thus,anozoneconcentrationof 1 ppb
denotesanozoneabundanceof 1 ozonemoleculefor eachbillion atmospheric
molecules,andanozoneconcentrationof 1 ppm (i.e.,panspermillion byvol-
ume)denotesanozoneabundanceof 1 ozonemoleculefor eachmillion atmo-
sphericmolecules,andis equalto 1,000ppb.
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Adverseeffectsincludeimpairmentof lungfunctionin humansandother
animals,anddamageto agriculturalcrops,forests,andothervegetation.
It is this aspectof troposphericozone,as aground-levelpollutant, that
formsthe backdropfor this report.

HISTORY OF U.S. POLICIES TO MITIGATE OZONE POLLUTION

The phenomenonknownasphotochemicalsmogwasfirst documented
in the 1940swhen air pollutantswere found to be causingdamageto
vegetablecropsgrown in the LosAngelesarea(Middletonet al. 1950).
Soonafter,Haagen-Smitandothersshowedthatozonewas theprimary
oxidant in photochemicalsmogcausingcrop damageand that it was
producedby photochemicalreactionsrequiringthe participationof two
types of precursors:VOCs and NO~(l-laagen-Smitet al. 1951, 1953;
Haagen-Smit1952;Flaagen-Smitand Fox 1954,1955,1956).

Subsequentobservationsrevealedthatphotochemicalsmogandthe
concomitanthighconcentrationsof ground-levelozonethataccompa-
niedthe smogwerenot uniqueto LosAngelesbut werecommonto most
of the majormetropolitanareasof the United Statesandelsewherein
the world. Thoseobservations,alongwith medicalandepidemiological
studiesdocumentingthe adversehealtheffects of ozoneat concentra-
tionsencounteredduringair-pollutionepisodes,providedtheimpetusfor
the promulgationof regulationsdesignedto control or eveneliminate
the problem. Passageofthe CleanAir Act of 1970 (PublicLaw 91-604)
establishedNationalAmbientAir QualityStandards(NAAQS) for ozone
andothercriteria pollutantsaswell as a federallycoordinatedprogram
to reachattainmentof thesestandardswithin specificdeadlines.With
thepersisçenceof theozoneproblem,evermorestringentandcostlyair-
pollutioncontrolswerepromulgatedby the CleanAir Act Amendments
of 1977 (PublicLaw 95095) and1990 (seeTable 1-1).

In retrospect, it appearsthat the ozone mitigation policies our
nationhasembarkeduponover thepast3 decadeshavehada positive
impact. On average,peakozoneconcentrationsin urbanareasof the
United Statesappearto be on a downwardtrend (Figure 1-3) and the
problemwouldundoubtedlybeconsiderablymoresevereif controlshad
not beenimplemented(seee.g.,Harleyetal. 1997). The U.S. Environ-
mental ProtectionAgency (EPA) reports that ozone concentrations
decreasedfor the 1-hr and8-hr averagingtimes (shownin Figure 1-3)

Year Milestone Notes

1840s
1850s

Ozone molecule discovered
Ozone presence in atmosphere documented

Schoenbein 1840
Schoenbein 1854

1874 Ozone shown to be toxic to animals Andrews 1874

1940s Photochemical smog found to be causing crop
damage

Middleton 1950

1950s Ozone found to be major oxidant in photochemical
smog VOCs and NO, shown to be ozone
photochemical precursors

Haagen-Smit
1952

1961 Basic science of ozone pollution documented in
monograph

Leighton 1961

1970 Clean Air Act of 1970 (CM-70) establishes national
program for the mitigation of ozone pollution in the
United States. Sets 1975 as deadline for attainment
of NAAQS

1975 CAA-70 attainment deadline not met

1977 Clean Air Act Amendments of 1977 (CAAA-77)
establishes 1982 and 1987 as new deadlines for
attainment

1987 CA.A.A-77 attainment deadlines still not met

1990 Clean Air Act Amendments of 1990 establishes new
attainment deadlines extending into the 21st century
and authorizes implementation of a reformulated
gasoline program

1997 New 8-hr 80-ppb NAAQS for ozone promulgated EPA 1997a

on averagebyabout1%peryearfrom 1986to 1997 (EPA 1998). Onthe
other hand, the problem remainsfar from solved. In 1997, about48
million peoplelived in77 countieswhereozoneconcentrationsexceeded
the seconddaily maximum 0.12-ppm, 1-hr NAAQS for ozone (EPA
1998). Of the29 urbanareasrequiredby theCleanAir ActAmendments
of 1990to submitStateImplementationPlans,27 wereunableto submit
plansthatshowedattainmentby themandateddateof 1998. Moreover,
the promulgationof a new 8-hr, 80-ppb NAAQS for ozonein 1997 is
expectedto approximatelytriple thenumberof non-attainmentcounties
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FIGuRE 1-3 Comparison of actual (dotted lines) and meteorologically adjusted (solid
lines) ozone trends in 1-hr and 8-hr 99th percentile ozone concentrations for the
period of 1986-1997 across 41 metropolitan areas. Source: Adapted from EPA
1998.

and leadto widespreadnon-attainmentin rural aswell as urban areas
of theeasternUnitedStates(Wolff 1996;Chameidesetal. 1997). With
the persistenceof the ozone-pollutionproblemcomesthe needto de-
velop new and innovative approachesto lowering ozone-precursor
emissions. The federalRFG programis but oneexampleof a new ap-
proachthat is being promulgatedto addressthis need.

In the formulationandtestingof variousblendsof RFG, it became
apparentthat these blends could affect motor-vehicle emissionsin
variousandsubtleways(AQIRP1990; OTA 1990). In additionto affect-
ing thetotal massof VOCemissions,differentRFGscouldhavedifferent
effectson the amountsof NO~andCO emittedby motorvehicles.They
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couldalso affect the relativeamountsof evaporativeandexhaustemis-
sions from motor vehicles andthus the chemicalcompositionof the
VOCs emitted by thesevehicles. Controversyaroseoverwhetherthe
nation’s traditionalapproachto assessingemissions,basedon the mass
of VOC emitted,wasadequateto assessandregulatevariousRFGblends.
With the use of ethanol as an oxygenatedadditive, such regulation
provedto be especiallycontentious(e.g.,EPA 1994). Whencompared
with typical RFG blendsusingMTBE, blendsusingethanoltend to have
moreevaporativeVOC emissionsbut, it was argued,with a lower net
ozone-formingpotential. Accordingly, SenatorRichardG. Lugar sug-
gestedthat EPAestablishaprocedureto certifyethanolblendsof RFG as
equivalentto nonethanolblendsbasedon ozone-formingpotential(see
Appendix B, letter from SenatorRichard G. Lugar datedOctober17,
1995). EPA hasnot clone sobecauseit was unsurethat therewas an
appropriatemethodfor making suchan assessment.Instead,EPA has
commissionedthisreportto addressthescientificandtechnicalbasesfor
suchan assessment.

CHARGE TO NATIONAL RESEARCH COUNCIL COMMITTEE

DoesRFG with ethanolas the oxygenateresult in vehicularemissions
• with a lower ozone-formingpotential thana blendwith MTBE? Cana

metric basedon ozone-formingpotentialbe reliably and robustly used
to quantify the relative impactsof differentRFG blendswith different

• oxygenateson ozonepollutionin theUnitedStates?As outlinedabove,
• theseare the questionsthat motivated the formation of the National

ResearchCouncil Committeeon Ozone-FormingPotentialof Reformu-
lated Gasolineandthis report. More specifically, the committeewas
given the task to assesswhether the existing body of scientific and
technical information is sufficient to permit a robustevaluationand
comparisonof the emissionsfrom motor vehiclesusing differentRFG
blendsbasedon theirrelativeozone-formingpotentials;andtheconcom-
itant impacton air-qualitybenefitsof the RFGprogram.The committee
was askedto focusits assessmenton theuseof oxygenatesin RFG,with
specific attention to RFG blendsusingMTBE andethanol.

The committeewasaskedto addressthe following specific issues:
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for evaluatingandcomparingthe relativeozone-formingpotentialsof
PIGs. Two prominentmethodsfor assessingrelative ozoneimpacts
includerelativereactivityfactorsandgrid-basedairshedmodels. Deter-
mine whetherthere is sound scientific basis for the useof reactivity
factors,models,and/oranyotherapproach(es)for evaluatingtheozone-
forming potentialof RFG5in a nationwideprogram.

2. Assessmentof technicalaspectsof variousair-quality issues
when evaluatingthe relative ozone-formingpotentialsof RFGs. Air-
quality issuesto beconsideredincludeassessmentof the ozone-forming
potentialsof RFGsfor bothpeak(1-hr) andaverage(8-hr) ozonelevels,
inclusionorexclusionof CO asan ozoneprecursor,andconsiderationof
changesin NO~emissionsandthecorrespondingimpacton ozonelevels
resultingfrom the useof different levels and/ortypesof oxygenatesor
otherfuel compositionchanges.

3. Assessmentof the sensitivity of evaluationsof the relative
ozone-formingpotentialsof RIGsto factorsrelatedto fuel propertiesand
thevariabilityofvehicletechnologiesanddriving patterns.Factorsto be
consideredinclude assessmentof effectsof the fuel blendingmethod
(i.e., splash blending versus match blending), “distillation impact”
and/orthe “commingling effect,”variability in fuel composition,engine
operatingconditionsas theypertain to emissions,andchangesin the
exhaust-to-evaporativeemissionsratio.6

The committeewasaskedto identify anygapsin theexistingscien-
tific and technicalinformation, recommendhow such gapsmight be

6”Splashblending” refersto amethod of oxygenatinggasolineby adding
anoxygenatetothegasolineblendstockwithoutanysystematiccontroloverthe
resultingReidVapor Pressure(RVP) of the112G. (RVPis theconstrainedvapor
pressureof thefuel at 100degreesFahrenheit.)Whenethanolis splashblended
into gasoline,the RVP of the finished blend could increaseby 1 poundper
squareinch (psi) or moreabovethe applicableRVP limit. “Match blending”
refersto the preparationof anRFG blendwith systematiccontrol overthere-
sultingRFGsuchthatthefinishedblendmeetsthe RVP standardfor theappro-
pilate RFGblend. “Distillation impact” refersto thepossibleeffectof oxygen-
atesonthe volatility of RFGblendsattemperaturesgreaterthan100°F,which
canoccurin avehicle’s fuel tank. “Commingling effect’ refersto anincreasein
the resultingvaporpressurewhenan ethanol-blendedRIG is mixed with a
non-ethanolblendedRIG in avehicle’sfuel tank.The increaseinvaporpressure
of themixtureis beyondthatof eitherof the separateblends.

filled, and identify the typesof emissiondatathatwould be neededto
continuouslyevaluatethe ozone-formingpotential of emissionsfrom
vehiclesusingRFG.

It is importantto notethatthecommitteewasnot askedto consider
otherissuesrelatedto the choiceand use of various blendsof 112G.
Therefore,the committeehasnot addressedissuessuch as balanceof
trade, energyand cost requirementsfor fuel production, domestic
sourcesof fuel versusforeignsources,humanhealthandglobalenviron-
mentalimpacts,anduseof renewablefuelsversusnonrenewablefuels.
In addition,it shouldbenotedthatthis reportis limited to the scientific
andtechnical•aspectsof thisissue;thepossibledesignor implementation
of regulationsbasedonozone-formingpotentialarenotwithin thescope
of this study.

REPORT STRUCTURE

• In responseto its charge,the committee’sreportaddresses(1) howthe
ozone-formingpotential of emissionsfrom light-duty motor vehicles
niight be affectedby the useof RFG blendswith andwithout various
types and concentrationsof oxygenates;and (2) the extentto which
current scientific and technical understandingand information are

• adequateto quantifytheseeffectsrobustly. Although thefocusis on the
impactsof RFGson ground-levelozoneconcentrations,RFG and the
oxygenatesaddedto thesegasolinescanalsohaveimpactson otherair-
quality issues(e.g., toxics, carbonmonoxide,andparticulatematter);
theseother impacts are mentioned whenthey are relevant or potentially
significant.

To provide a technicalfoundationfor the assessment,the report
provides overviews of the photochemistryof ozone, the conceptof
atmosphericreactivityandozone-formingpotential,motorvehiclesas a
sourceof ozoneprecursors,and RFGs in Chapters 2,3,4, and 5, respec-
tively. In Chapter6, the reportassessesthe likely magnitudeof the air-

quality benefitsof the federalandCalifornia RFG programs(in total)
basedon observations.Chapter6 alsooutlinesthe characteristicsof a
measurementsprogram that could more robustly quantify the air-quality
benefitsand the changesin the ozone-formingpotentialof vehicular
emissionsarisingfrom PhaseII ofthe federalRFGprogram.Thecommit-
tee’sassessmentof RFG’s overallimpacton ozoneservesas acalibration



22 OZONE-FORMING POTENTIAL OFREFORMUL4 TED GASOLINE

point for thediscussionin Chapter7,whichfocuseson eightspecificRFG
blendsto illustrate the methodologyof, as well as theadvantagesand
problemsassociatedwith, usingozone-formingpotentialto evaluatethe
relative impacts of theseblends. Appendix A containsbiographical
informationon the committee.AppendixB containsa letterfrom Sena-
tor RichardG. LugarsuggestingthatEPAestablishaprocedureto certify
ethanolblendsof RFGasequivalentto methanolblendsbasedon ozone-
forming potential. Appendix C presentsthe equationset for EPA’s • Ph ‘ h -

ComplexModel of PhaseII of the federalPIG program, andAppendix zone 1o~ocemIstry
D presentsmotor-vehicle-emissionsdataevaluatedby the committee.

MrnGATION OF THE ozone-pollutionproblemis complicatedby the fact
thatozone(03) is a secondarypollutant; thatis, it is not emitteddirectlyinto the atmosphere,but is producedbyphotochemicalreactionsinvolv-

ing primarypollutantsandmodulatedby meteorologicalconditions.The
problemisfurtherconfoundedby thecomplexnatureof thephotochemi-

I cal mechanismresponsiblefor producingozoneandthe intricatearray
of precursorsthat can participate in this photochemicalmechanism.

Thesecomplexitiesare briefly reviewedin tins chapter.

VOC LIMITATION VS NO~LIMITATION

As notedin Chapter1, ozoneis formedby chemicalreactionsinvolving
volatile organiccompounds(VOCs) andcarbonmonoxide (CU) in the
presenceof nitrogen oxides (NU~)andsunlight. One might expect,
therefore,thatthe severityof ozone pollution in a given regioncanbe

reducedby lowering the emissionsof VUCs, CU, NU~,or anycombina-
tion thereof. However,mitigation of ozonepollution is not sostraight-
forward. It turnsout that therateof ozoneformationis acomplexand
variablefunctionof theconcentrationsof VUC andNO~aswell as meteo-
rologicalconditions.As a result,establishingtherelativebenefitsofVUC
andNU~emissionscontrolscanbe a difficult andchallengingtask. The
sourceof the complexitycanbe elucidatedthroughan examinationof

23
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Figure2-1,which is aschematicof thephotochemicalsmogmechanism.
Ozoneproductionoccursas a resultof a seriesof reactionsinitiated by
theoxidationof VUCsor CU by the hydroxyl radical(OH). Forexample,

RH+OH—R+H2U
R + 02 + M - RU2 + M

(2-1)
(2-2)

R02+NU-RU+NO2 (2-3)
RU + U2 - HO2 + carbonyl
HO2 + NU - OH + NO2
2x(N02 + hv- NO + U)
2x (U + 02 + M -03 + M)
RH + 402 + 2 h v 203 + Carbonyl+ 1120

(2-4)
(2-5)
(2-6)
(2-7)
NET

whereRH representsagenerichydrocarbon(orVOC), 1? is ahydrocarbon

FIGURE 2-1 Schematic of the photochemical pathways leading to the production of
ozone and the termination steps that dominate Under NO1limited and VOC-limited
regimes.

radical (e.g., CH3CH2 for RH = ethane),M is a nonreactive,energy-
absorbingthird body (N2, 02), andh v representsenergyfrom solar
radiation (it is theproductof Planck’sconstanth, and the frequency,v,
of theelectromagneticwaveof solarradiation) Of notein thissequence

• is that VUCs are consumed,whereasboth OH/HO2 and NO~act as
catalysts. Moreover, the by-productlabeled“carbonyl” is itself a VUC
andcan,in general,reactandproduceadditionalozonemolecules.It is
important to note that although01-I is removedin Reaction2-1, it is
regeneratedin Reaction2-5.

Terminationof the aboveozone-generatingcycle occurswhenthe
catalystsareremoved. Two importantpathsare

HO2 + HO2 ÷M - H2U2 + U2 + M, or
OH + NO2 + M - HNO3 + M

(2-8)

(2-9)

• In general,the rate of ozoneproductioncanbe limited by either
VUCs or N0~.The existenceof thesetwo opposingregimes,oftensche-
maticallyrepresentedin aso-calledEKMA (Empirical Kinetic Modeling
Approach)diagram(Figure2-2), canbe mechanisticallyunderstoodin
termsof the relativesourcesof OH andNO~(Kleinman 1994, in press).
Whenthe rateof OH productionis greaterthanthe rateof productionof
NO~,terminationof thereactionchainthatproducesozoneis dominated
byReaction2-8 (seeFigure2-1). Undertheseconditions,NU~is in short
supply; as a result, the rate of ozoneproduction is NU~.limited(i.e.,
ozoneis most effectively reducedby lowering NUX). Therefore,ozone
concentrationsaremosteffectively reducedby lowering NU~emissions,
andsubsequentconcentrationsof NOR, insteadof loweringemissionsof
VOCs. Whenthe rateof OH productionis lessthanthe rate of produc-
tion of NOR, on theotherhand,terminationof the ozone-formingchain
proceedspredominatelyvia Reaction2-9 (seeFigure2-1), NO~is rela-
tively abundant,andozone production is VOC-limited (i.e., ozoneis
most effectively reducedby lowering VOCs). Becausethis region is
characterizedby rapid lossof OH via Reaction2-9, it is alsoreferredto
asbeingtheradical-limitedregime.Finally,betweenthesetwo extremes
(i.e.,the NOR-andVOC-limited regions)lies a transitionalregion,some-
timesreferredto as the ridge in an EKMA diagram. In this transitional
region,ozoneis aboutequallysensitiveto VOCsandNO~,but,compared
within its sensitivityto VOCsin theVOC-limited regionandits sensitivity
to NU~in theNOR-limited region,ozoneis relatively insensitiveto both.

OH VOC NO.
Production Source Source
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VOC (ppm Carbon)

FIGURE 2-2 Typical EKMA (Empirical Kinetic Modeling Approach) diagram showing
contours (or isopleths) of 1-hr maximum ozone concentrations (in parts per million
by volume (ppm)) calculated as a function of initial VOC and NO, concentrations and
the regions of the diagram that are characterized by VOC limitation or NO, limitation.
“OH production” refers to the rate of OH photochemical production and “NO,
source” refers to the rate at which NO, is emitted into the boundary layer.
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A further complication arises from the fact that VOC and NO1
limitation is not uniquelydefinedby locationor emissions.Instead,it is
a chemicalcharacteristicof an air parcelthat variesdynamicallywith
transport,dispersion,dilution, andphotochemicalaging. For example,
considerthe resultsof a seriesof photochemicalbox modelcalculations
illustratedinFigure2-3. In eachcalculation,a boundary-layerair parcel
wasassumedto haveinitial VOC andNO,concentrationsat0800hr and
then allowed to react over the courseof asingledaywhile mixing with
relativelycleanair from aloft at varyingrates.For simplicity, processes
suchas surfacedepositionandhorizontaldispersionare not included.
Although thesesimulationsgreatly simplify the photochemicalsmog

FIGURE 2-3 Model-calculated evolution of ozone as a function of timein an air parcel
forvarious initial urban-like mixtures of VOCs and NO, at 0800 hrunder summertime
conditions and three rates of vertical mixing and free tropospheric entrainment. For
each mixing rate, simulations for three initial VOC and NO, concentrations are
presented: “Base’ with initial VOC = 0.15 ppm and NO, = 1.5 ppm; ‘VOC/2” with
initial VOC 0.75 and NO, = 0.15 ppm; and “NO,/2” with initial NO, = 0.075 and
VOC = L5 ppm. Note the characteristic tendency forthe system to evo!ve from VOC
limitation to NO, limitation with time and for the point of transition to be delayed as
mixing decreases. Also note that varying the initial conditions of either precursor in
EKMA implicitly changes the emissions after 0800 hr by the same percentage.
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phenomenon,they neverthelesscapturemuch of the essenceof the
relationshipbetweenozoneandits precursorsandare,therefore,useful
to illustratesomekeypoints.

In the first example(Figure2-3A), a moderateamountof vertical
mixing duringa typical summerdayis assumed.For theseconditions
andthehighinitial concentrationsofVOCs andNO,adoptedfor theBase
case,the model predictsa rapid risein ozonereachinga peakof about
130ppbaroundmid-afternoon—anozonevariationthatis characteristic
of manymoderateurbanair-pollution episodesin theUnitedStates. (If
the effectsof dispersionandsurfacedepositionare included,the peak
concentrationwould have beensomewhatdepressedand the decay
following thepeakmorepronounced.)

A keyfeatureof the resultsillustratedin Figure2-3A is thevarying
responseof ozoneto assumeddecreasesin theinitial concentrationsand
emissionsof VOCs and NO,,. l3ecauseof the natureof urban VOC and
NO,emissions,air parcelsexposedto theseemissionsareusuallyinitially
within the VOC-limited regime.Thus,in Figure2.3A, halving the initial
VOC concentrationis muchmoreeffectivein reducingozonethanhalv-
ing NO, during the first —5 hr of this particular simulation, In fact,
duringthe first few hoursof thesimulationan “NO, disbenefit”appears,
thatis, an increasein ozoneresultsfrom adecreasein NO,. This effect
iscausedby the conversionof moreNOto NO2, andby an increasein the
fraction of OH radicalswhichreactwith VOCs (andtherebyleadingto
RO2andHO2radicals,whichconvertNOto NO2) comparedwith reaction
with NO2. For theseconditions,a decreasein NO, leadsto moreOH,
more oxidation of VOCs (e.g., via Reaction2-1), and thus an ozone
increase.

BecauseNO, is processedandremovedrapidly, theNO,disbenefit
tendsto be fairly short-lived.Moreover,asNO,concentrationscontinue
to fall, the air parcelbeginsto movefrom VOC limitation to the transi-
tional region andoften reachesNO, limitationwithin manyareasof the
country. For the conditionsadoptedin the simulation illustrated in
Figure2-3A, ozoneis more effectively reducedby halving NO, thanby
halving VOCs after about 1400 hr. Another importantfeature of the
calculationsillustratedin Figure2-3A, which is alsocharacteristicof the
photochemicalsmogsystemin general,is thatthepeakozoneconcentra-
tion is reachedwhen the air parcel is in the transitionalregionbetween
VOC limitation andNO, limitation. The formationof organicnitrates
(including peroxyacetylnitrate (PAN)) also affectsozoneformationby

removing NO, from the systemwhich would otherwiselead to ozone
formations. Dependingon the temperature,PAN formationcanleadto
a temporaryreductionin ozoneformation.

Otherprocessescanfurthercomplicateandconfoundthe relation-
ship betweenozoneandits precursors.Oneof theseis vertical mixing.
As illustratedin Figure2-4, verticalmixing hasa direct impacton ozone
concentrations:in the earlymorninghoursit tendsto contributeposi-
tively to ozoneaccumulationby bringing ozone-richair from aloft into
theboundary(or surface) layer,but in late morningand afternoonit
tends to depressozoneby diluting surfaceair now ladenwith newly
formedozone with air from aloft. As a result,as the amountof mixing
decreasesandstagnationsetsin, theseverityof air-pollutionepisodesis
exacerbated. That is illustrated in Figures2-38 and 2-3C, in which
higher peakozoneconcentrationsaregeneratedas lessverticalmixing

• andmorestagnationoccur. However,verticalmixing hasanotherindi-
rect, but still very important,effect on ozone. In addition to depressing

• peakozone,verticalmixing alsotendsto depressNO, concentrationsin
thepolluted boundarylayer by diluting it with cleanerair from aloft.
Forthis reason,stagnationtendsto slowtherateof transitionfrom VOC
limitation to NO, limitation. If verticalmixing is extremelyweak (Le.,
conditionsassumedfor Figure 2-3C), the sun might set before NO, is
sufficiently processedto allow the parcelto makethe transitionfrom
VOC limitation. Thus, the efficacyof VOC andNO, controls is, in gen-
eral, critically dependentuponthqmeteorologicalaswell asthechemical
conditionsthatprevail duringanygiven episode.

The distributionof NO,emissionscanalsoaffectwhereand if air
parcelswithin a given airshedmakethetransitionfrom VOC limitation.
Like stagnation,the presenceof dispersedNO,sourcesin a largemetro-
politanareaor megalopoliscanleadto highNO,concentrationsthrough-
out anarea,fosteringcontinpousVOC limitation.

REACTION PATHWAYS OF ETHANOL AND
METHYL TERTIARY-BUTYL ETHER

Forbothmethyl tertiary-butylether(MTBE) andethanol,theimportant
atmosphericlossprocessesareby reactionwith theOHradical.Reaction
of ethanolwith the OF! radical leadsto the formation of acetaldehyde
(CH3CHO) in 100%or closeto 100%yield (Atkinson 1994;Atkinson in
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FIGuRE 24 The relative contributions of vertical mixing and chemical production
processes to the ground-level ozone concentration as a function of timeduring the
day basedon a one-dimensional model. No deposition processes are included in this
simulation. The left scale is for the rate of change in ppb/hr and the right is for the
ozone concentration in ppb. Source: Adapted from Zhang and Rao (In Press).

press),with the majorreactionpathway(—90%of theoverallOHradical
reaction)proceedingby

OH + CH3CH2OH -. H2O + CH3cHOH
CH3~HOH+ 02- CH3CHO + HO2

For MitE, the productsof the OH radicalreactionin the presence
of NO are tert-butyl formate ((CH3)3COCHO), -75%; formaldehyde,
—45%; methyl acetate(CH3C(O)OCH3),—15%; andacetone,—3% (see
Atkinson 1994,andreferencestherein). tert-Butylformate reactsonly
slowly with the OH radical, with a half-life due to gas-phasereaction

with the OH radicalof around 11 days for a 24-hraverageOH radical
concentrationof 1 x 106molecules.cm~3.Wetanddry depositionof tert-
butyl forrnatemayalsobe important.

SUMMARY

To theextentthatthesecalculationscanbe generalizedto representthe
evolutionof a plumeasit advectsfrom an urbancenter(or otherconcen-
tratedsourcesof anthropogenicemissionsof VOC andNO,) to suburban

andthenruralareas(with timeessentiallyrepresentingdistancefrom an
urban core), theysuggestthat: (1) in isolatedlarge urban cores and
similarsourceregions,ozoneconcentrationsduringsevereair-pollution

• episodesare mosteffectively reducedby reductionsin VOC emissions
andmight evenincreaseasa resultof NO,-emissioncontrols;(2) ozone
concentrationsin rural areasandoverlargeregionalexpansesaremost
effectively reducedby reductionsin NO, emissionsfrom the pollution
sourcesthat affect thatareaor region (e.g.,upwind urbansourcesand

• important local sources);and (3) the, highestozone concentrations
duringanepisodegenerallyoccurin locationssomewhatremovedfrom
themajorprecursorsourceareas(i.e.,suburbanareas)andtendto occur
whenthechemistryof thesystemis in a transitionalstagebetweenVOC
limitation andNO,limitation. Wherethepeakozoneconcentrationwill
occur during any given episodeand whether it will occur when the
chemistryis, in fact, transitionalor is VOC-limited aredeterminedby
myriadfactorsincludingthemeteorologicalconditionsanddistributions
as well as intensitiesof emissions.

• The factthatozoneformationcanvaryfrom VOC limitation to NO,
limitation is highly germaneto the topic of this report. As discussedin

• moredetail in Chapter3, ozone-formingpotentialhashistoricallybeen
usedto characterizethe ability of VOCs to produceozone. Thus the
relevanceof usingexistingmethodsto assessthe ozone-formingpoten-
tial of various reformulatedgasoline blends will be largely limited to
those areasand episodescharacterizedby VOC limitation (or at least
transitionalchemistry).

A furthercomplicationinassessingtheefficacyof emissioncontrols
for VOC and NO, arisesfrom the fact that VOCs comprisea rich and
variedassortmentof compounds.Two principalVOC categoriesarethose
thatarisefrom anthropogenicsourcesandthosethatarisefrom natural
or biogenicsources(e.g, isoprenefrom treesandother vegetation).
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NaturalVOC5 canparticipatein the photochemicalreactionsthatpro-
duceozone, but theycannot, in principle, be directly controlled like
those from anthropogenicsources. In regions where naturalVOCs
representasignificantfraction of thetotal reactiveVOCs, NO,controls
mightbeneededto reduceozonesubstantiallyevenif theoxidantchem-
istry is VOC-limited.

Moreover, the compoundsthatmakeup thegeneralcategoryof
anthropogenicVOCs canbe quitevariedwith widely differentchemical Th ~ ra ~tnf Ozone—Form in
characteristicsand reactivities that lead to different ratesof ozone • ‘ ~ ~ ILtI._#~_J ~

formation. Thus,ton-for-ton,thereduction in the emissionsof oneVOC Pote nti a and Its Quantification
might lead to more or less reductionin ozonethan the reductionof
anotherVOC. Theconceptof ozone-formingpotential,discussedin the
nextchapter,attemptsto accountfor thediffering chemicalcharacteris~-
tics of VOCs as theyrelateto ozonephotochemicalproduction.

IN ANY GWEN AIRSHED, it is commonto find hundredsof differentVOC
•species,eachwith its own uniquechemistry. In the simplestapproach
to ozonemitigation basedon VOC controls, emissionreductionsare
implementedon amassbasiswithoutanyregardto theuniquechemistry
of eachof the VOCs. The principle behindozone-formingpotentialor
reactivity’ is thenotionthat, in additionto theamountof a specificVOC
speciesemitted into agiven airshed,the differencein the chemistryof
eachof the VOCs needsto be consideredwhenassessingthe impact of
thosespecieson ozoneformation.

The utility of theconceptof ozone-formingpotentialcanbe illus-
tratedthrougha comparisonof the impactson ozoneconcentrationsin
an urbanairshedof two ubiquitousVOC species:ethaneandpropene.

‘Becauseozone-formingpotential of a given VOC is dependentupon its
propensityto reactin the atmosphere,the term “reactivity” is often usedto
denoteaspecies’ozone-formingpotential. As discussedlater in this chapter,
termssuchas kinetic reactivity (KR) andmechanisticreactivity (MR) areused
todefinespecificprocessesthatcontributeto aspeciesozone-formingpotential,
whereastermssuch as maximum incrementalreactivity (MIR) are used to

• specifythe methodfor calculatinga species’ozone-formingpotential.

33
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If onewereto increasethe total massof VOC emissionsin a city, suchas
Los Angeles,by 20% through additional emissionsof ethane,ozone
levelswould increaseslightly. However,if thesameamountof propene
wereaddedinstead,therewouldbe a large increasein ozone. Why the
big differencebetweenthe two, giventhatbotharerathersimplehydro-
carbons? The primarycauseof the difference is the differing ratesat
whichthesetwo speciesreactin the atmosphere.Ethanehasan atmo-
sphericlifetime of weeks: Little of the ethaneemittedin an urbanarea
reactswithin thatareabeforeit is transportedaway. Its contributionto
ozoneformationwithin theurbanareais thereforeverysmall. Propene,
on theotherhand,hasalifetime of hours. Mostof it will typically react
near its sourceand thus be able to contribute to the photochemical
productionof ozonein the areain which it is emitted (or immediately
downwind).A secondary,but smaller,causefor the differingimpactsof
the two speciesis the different numberof ozonemoleculesformed in
thatenvironmentfor eachmoleculeof ethaneandpropenethat reacts.
Differencesin ozoneproductivityarisingfrom the first effect are often
expressedin termsof thekineticreactivity(KR), anddifferencesfrom the
secondareexpressedin termsof the mechanisticreactivity (MR).

REGULATORY APPLICATION OF
VOC OZONE-FORMING POTENTIAL

Thereis, in fact,asignificanthistoricalprecedentforaccountingfor VOC
reactivity in U.S.regulatorypolicy, albeitto alimited extent(seeDimitri-
ades1996,for a historyof VOC regulationin theUnitedStates).During
theearlyyearsof ozonemitigation, it was recognizedthat therewere
someorganics,for exampleethane,thatdid notcontributesignificantly
to smogformationon urbanscales,whereasothers,suchaspropene,did.
Thus,two categoriesof organicgasesweredefinedfor regulatorypur-
poses:unreactiveand reactive2(seeTable 3-1). However, the term

2ReactiveVOCs are operationallydesignatedas reactiveorganicgases
(ROG). However, becausehydrocarbonsmakeup most of the organicgas
emissions,this categoryis also referredto as reactivehydrocarbons(RHC).
Moreover,becausemethanedominatesthe unreactivecategory,nonmethane
hydrocarbonsor NMFIC is anotherterm that is often used. Theseand other

TABLE 3-1 Ac ronyrns and Names Used for Classifying Organic Compounds

Common
Abbreviation Full Name Definition

VOC’ Volatile organic
compound

Organic compounds that are found in the gas
phase at ambient conditions. Might not in-
clude methane.

ROG Reactive organic
gas

Organic compounds that are assumed to be
reactive at urban (and possibly regional)
scales. Definitionally, taken as those organic
compounds that are regulated because they
lead to ozone formation. The term is
predominantly used in California.

NMHC Nonmethane
hydrocarbon

All hydrocarbons except methane; sometimes
used to denote ROG

NMOC Nonmethane
organic compound

Organic compounds other than methane

NMOG Nonmethane
organic gas

Organic gases other than methane

RI-IC Reactive
hydrocarbon

All reactive hydrocarbons; also used to denote
ROG

THC Total hydrocarbon All hydrocarbons, sometimes used to denote
VOC

OMI-ICE

.

Organic material
hydrocarbon
equivalent

Organic compound mass minus hetero-atorn
mass (i.e., carbon plus hydrogen mass only)

TOG Total organic gas Total gaseous organic compounds, including
methane. Used interchangeably with VOC

‘Unless noted otherwise, VOCs is the term used in this report to represent the

general class of gaseous organic compounds.
Source: U.S. Environmental Protection Agency at
http://www.epa.gov/docs/OCEPAterms.7

unreactiveis a misnomer,becauseevencompoundssuchas ethaneand
methanedo react and contribute to troposphericozone formation,

termsarelisted inTable3-1. Unlessnotedotherwise,VOCsis the termusedin
• this report to representthe generalclassof gaseousorganiccompounds.
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thoughatmuchlower rates,on a permassbasis,thanothercompounds.
Suchlow-reactivitycompounds,particularlycarbonmonoxide(CO) and
methane,do contributeto ozoneformation, becauseemissionratesof
thosecompoundsarevery large. (The contributionof CO to ozone-
formingpotential is discussedfurther in Chapters6 and7.)

A complicationin this two-categoryapproachis decidingwhereto
place the dividing line betweenunreactiveandreactiveVOCs. Some-
what arbitrarily, thatdividing line hasbeenchosento be at the level of
reactivity of ethane. In the United States,but outsideof California,
specieswith reactivitiesequalto or lessthanthatof ethaneareplacedin
theunreactivecategory.

California hasbeena leadingforce in the applicationof reactivity
assessmentto ozonemitigation efforts. For example,California uses
ozone-formingpotentialin its Low EmissionVehicles and CleanFuels
Program(LEV/CF) to adjustandregulatethe amountof emissionsfrom
vehicles(CARB 1991). A fuel with higherVOC emissions,but a lower
net reactivity than thereferencefuel, is permittedin the program,thus
providing an incentive to developfuels with less-reactiveemissions.
(ThecurrentCARB programis limited, however,to exhaustemissions,
and, as discussedin Chapter4, evaporativeemissionscan be quite
important.) The useof reactivity in California’s regulatoryair-quality
programshas beena majorcatalystfor continuingresearchon ozone-
forming potentialand its applicationto policy-making. As the under-
standingof how to define ozone-formingpotentialoperationallyhas
grownsubstantiallyin recentyears,the useof ozone-formingpotential
to otherregulatoryissues(e.g., emissionsfrom consumerproducts)is
now underconsideration.

OPERATIONAL DEFINITION OF OZONE-FORMING
POTENTIAL USING REACTIVITY

The photochemicaldegradationof most VOC speciesis initiated by
reactionwith the OHradical(Le.,Reaction2.1 in Chapter2). Therefore,
for most VOCs, the KR of a specific VOC is greater if its OH-radical
reactionrate constantis greater. As seenin Table 3-2, theseratecon-
stantscanvary by manyordersof magnitude.A relatively simpletype
of reactivity scale,sometimesreferredto asthe OH-reactivityor the koH
scale,expressesthe relativecontributionof VOC5 in termsof their rates
of reactionwith OH (e.g.,Darnallet a!. 1976;Chameidesetal. 1992).

TABLE3-2 OH Rate Constants (kOFJ and Maximum Incremental Reactivity (MIR)’ for
Selected Compounds

Compound
IOt2xkoHb
(cm3.molecule’ s’)

MIRC
0, formed/g VOC emittedb

Carbon monoxide 0.21 0.065
Methane 0.0062 0.016
Ethane 0.25 0.32

Propane 1.1 0.57

n-Butane 2.4 1.18

mOctane 8.7 0.69

2,2,4-Trimethylpentane 3.6 1.34

Ethene 8.5 8.3
Propene 26 11.0
tnns2-Btjtene 64 13.2
Isoprene 101 93
oc.Pinene 54 3.9
Benzene 1.2 0.81

Toluene 6.0 5.1
ni-Xylene 24 14.2
1,2,4-Trimethylbenzene 32 5.3
o-Cresol 42 2.5
Formaldehyde 9.4 6.6
Acetaldehyde 16 6.3

Acetone 0.22 0.49

•2-Butanone 1.1 1.4
Methanol 0.94 0.65

Ethanol 3.3 L7

Methyl tert-butyl ether 2.9 0.73
Ethyl tert-butyl ether 8.8 2.2
tert-Butyl formate 0.75 No value cited

‘MIR combines kinetic and mechanistic reactivities of a specied compound for

conditions that maximize the predicted reactivity of VOCs by making the reactive
• systems very NO, rich.
• bRate constants at 298 K are taken from Atkinson (1994, 1997) and Le Calve

et al. (1997)
tFrom Carter (1997), http://www.cert.ucr.edu/ carter/bycarter.htm. The MIR

of the assumed urban mix used in the calculations was 4.06 g of 03 per gram of VOC
emitted.
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This approachhassomesignificantadvantages.OH-rateconstantsfor
a largenumberof VOCshavealreadybeenwell characterizedby labora-
toryexperiments,and manyotherscan be estimatedwith a fair degree
of reliability (e.g.,Kwok andAtkinson 1995;Atkinsonin press). More-
over,theseconstantsaredefinedby theVOC speciesthemselvesandnot
the environment in which the VOCs are emitted (other than minor
temperaturedependencies).Thus,the OH reactivitiesfor awide range
of VOC speciescan be readily calculatedandcompared. Combining
theseOH reactivitieswith dataon theambientconcentrationsof these
VOCs providesa measureof the rateatwhich the variousVOC species
areoxidizedand produceperoxy radicals (e.g., via Reaction2-2 and
Reaction2-4 in Chapter2), andthusprovidesa roughestimateof their
relativepotentialrolesin ozone-formation(ChameidesetaI. 1992).

Thereare,however,significantlimitations to usingtheOH-reactiv-
ity scaleto characterizethe rolesof VOCs:Themethoddoesnot account
for thepotentiallydifferentyieldsof peroxyradicalsformed from differ-
entVOCs,the differentreactivepathwaystheseperoxyradicalscantake
oncetheyareproduced,and the varying tendencyof VOCs to enhance
or inhibit radicallevels,andthusinfluencethecontributionof otherVOC
speciesto ozoneformation. All of thesefactorscan havea significant
effect on the amount of ozone formed from the oxidation of a VOC
(CarterandAtkinson 1989; BowmanandSeinfeld1994; Carter1994).
For this reason,the OH-reactivityscaledoesnot alwayscorrelatewell
with other measuresof ozone-formingpotential, particularly for the
morerapidly reactingVOCs (e.g.,Dodge1984;Berginet al. 1998a).For
example,aromatics,which havestrongNO, sinksandradicalsourcesin
theirmechanisms,canhaverelativelyhigh reactivitiesunderconditions
with low ratiosof VOC to NO~,but negativevaluesof reactivitieswhen
theVOC to NO, ratio is sufficiently high, becauseNO,, which (as NO2)
would otherwisephotolyzeto form ozone,is removedfrom the system.

MR is usedto accountfor this secondinfluenceon theozone-form-
ing potential of VOCs (Carter and Atkinson 1989). In general, the
variability in mechanisticreactivities is substantiallyless pronounced
thanthatof kineticreactivities,andthusthespecies-to-speciesvariability
of reactivity scalesthat combineKR andMR tendto follow thevariability
in KR but not exactly (seeTable3-2).

If KR is definedas the numberof moleculesof a specificVOC that
reactwithin a givenairshed(byphotolysis,reactionwith theOH radical,
reactionwithNO, radical,or reactionwith ozone)andMR is thenumber
of ozonemoleculesthatareformedforeachVOC moleculein thesystem

that reacts,the total numberof ozonemoleculesformed from a given
VOC moleculeis equivalentto the productof the two quantities,that is,

Ozone-formingpotential= KR x MR (3-1)

This way of dissectingthe ozone-formingpotential of a compound,
although remarkably simple, is also quite powerful and instructive.
However,it alsohasits limitations. For example,neitherKR nor MR is
aproperty inherentin a compound. Instead,botharedependentupon

theprotocolestablishedto calculatethem (e.g.,thetypeofenvironments
in whichtheVOC existsandthelengthof timeusedto assesstheamount
of theVOC that reactsandthe ozonethat is formed). Thus, the useof
therelationshipexpressedin Equation3-1 requiresanoperationaldefini-
tion for quantifyingreactivities.

QUANTIFYING OZONE-FORMING POTENTIAL
USING REACTIVITY

If ozone-formingpotentialis to be used in ozonemitigation programs,
it is necessaryto developan operationaldefinition for ozone-forming
potential,anda protocolfor quantifyingit. Onesuchdefinition is the
incrementalreactivity (lR) proposedby CarterandAtkinson (1989)and
Carter(1994).’ IRis definedasthe numberof additional gramsof ozone
formed per gramof VOC compoundaddedto abasemixture (the VOC
compoundcould be presentin the basemixture):

IR~= A[0,]/A[VOC1] (3-2)

whereIR~is the incrementalreactivity of species1; A(O,~is the change
in someozonemetric usedto assessthe impactof VOCs on air quality
(eg.,the 1-hrpeakor 8-hr averagedozoneconcentrationin anairshed)
or the total humanexposureto ozoneabovesomethresholdconcentra-

• tion); and A{VOC~] representsa changein the emissionsof speciesi

• ‘Anotherscale,developedby DerwentandHov (1979),is thephotochemi-
cal ozonecreationpotential (POCP) scale. It is usedto quantify the ozone-
formingpotentialof VOC emissions.In general,thelR approachandthePOCP
approachproducequalitativelysimilar results.
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(e.g., from an RFG blend). Defining IR in this way takesinto account
both the KR andMR of agivenVOC species,and,in principle,theincre-
mentalreactivitycanbebrokeninto kineticandmechanisticreactivities:

lB1=KI~1xMR~ (3-3)

whereKR~andMR1 are,respectively,thekinetic andmechanisticreactivi-
ties of the speciesi.

The IR, as definedby Equation 3-2, is an absolutemeasureof
ozone-formingpotential (e.g., the numberof gramsof ozoneper gram
of VOC). A somewhatmoreusefulquantityfordevelopingozonemitiga-
tion strategiesis the relativeincrementalreactivity (RIR) - RIRis defined
asthe reactivityof onecompoundnormalizedto the reactivityof a base
mixture:

RIR,= ,, JR,
>IJIRJ
j= I

(3-4)

whereIIt~is the incrementalreactivity of speciesi, f, is the fraction of
speciesj in a basemixture containingit differentVOCs sothat the de-
nominatorin the aboveexpressionis the total incrementalreactivityof
a basemixture, suchas an RFGblend. The advantagesof working with
relativeincrementalreactivitiesarethreefold. First, in a policy-making
context,comparisonsof reactivitiesbetweenspeciesorVOCsourcesare
oftenof most interest. Second,RIR tendsto be lesssensitiveto varia-
tions in ambientconditionsandthusprovidesa morerobustmeasureof
reactivity. Third, RIR is ofteneasierto developfrom three-dimensional
models,becausethereis no apparentabsolutescale(e.g.,the location
andtiming of how ozonechangesis not uniform) (seeMcNair et al.
1994).

The two dominantmethodsthathavebeenusedto assessspecies’
reactivities(IR andRIR) arevia direct experimentalmeasurement,for
example.,inan environmental(orsmog)chamber,andnumericalsimula-
tion usingcomputer-based,air-quality models (Carter andAtkinson
1989; Carter 1994; DerwentandJenkin1991; Bowmanand Seinfeld
1995; McNair et al. 1992; Yanget al. 1995; Bergin et al. 1996). Both
methodshaveseriouslimitations. Smogchambersdo not realistically
representthe physics of pollutant transportand the impact of fresh
emissions. Moreover,mostdo not operateover the full rangeof NO,

concentrationsand VOC to NO, ratios typically encounteredin the
polluted atmosphere.Thus, the conditionsinside a smogchamberdo
not reflect thoseof theambientair. Given thesensitivityof manyVOC
reactivitiesto environmentalconditions,smogchamberexperiments,by
themselves,providereactivityestimatesthatarelessapplicableto atino-
sphericconditionsthanthosederivedfrom air-qualitymodels.Further-
more,smogchambershaveartifacts(e.g.,chamberwallandbackground
effects) that can affect the results,particularly if the compoundreacts
slowly or hasradicalsinksin itsmechanism(CarterandLurmann1991).
However, chamberexperimentsare necessaryto develop(parameter-

• ized)chemicalmechanismsfor thoseVOCs forwhich productandmech-
• anistic data are not yet availablefrom laboratorystudies. Data from

thosechemicalmechanismscanthenbe includedin chemical mecha-
nismsfor theassessmentof their ozone-formingpotentials.

Becausemodelscan be run for conditionsthat more accurately
• reflect actualatmosphericconditions,theycan, in principle,provide a

more appropriatemeasureof a species’reactivity than that obtained
from a smogchamber. However,virtually all photocheniicalmecha.

• nismsusedin currentair-qualitymodelsare basedon data from smog
chambers.Thus,the ability of modelsto accuratelysimulateair quality
dependscritically upon reliableextrapolationof smogchamberdatato

• atmosphericconditionsandeliminationof chamberwall andbackground
effects. This hasprovento be a verydifficult task(Dodgein press).For
thesereasons,a level of uncertaintyis inherentin any assessmentof

ozone-forming potential.A varietyof approacheshasbeenadoptedthat
attemptto characterizeandminimize this uncertaintyandthusprovide
a foundationif reactivity were to be implementedin a policy-making
context.

CHEMICAL MECHANISMS AND THEIR DEVELOPMENT

Becauseof theaforementionedlimitationsof smogchambers,air-quality
modelshaveplayedacentralrole in thequantificationofVOC reactivity.
Of the various componentswithin air-quality models, the chemical
mechanism,which attemptsto reproducetheVOC-NO,-airphotooxida-
tion processdiscussedin Chapter2, is perhapsthemostcritical compo-
nentwhen thesemodelsare usedto quantify reactivity. This section
briefly reviews how thesemechanismsare developedand discusses
principal mechanismscurrentlyin use.
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Any chemicalmechanismused in an air-quality model must be
designedsothatit can,at a minimum,reproducethe major featuresof
theVOC-NOX- airphotooxidationprocess.The principalchemicalmech-
anismsused in current air-quality models, along with representative
airshedmodelingapplicationsandtheirkeyattributes,arelistedin Table
3-3. With the exceptionof the HarwellMasterChemicalMechanism,all
the chemicalmechanismsin usetodayincludevariouskindsof param-
eterizations,approximations,and condensationsto simplify the very
complexchemicalprocessesthatactuallyoccurwhenVOCs areoxidized
in the atmosphere.Therearehundredsof differentorganiccompounds
in the atmosphere,and from a numericalpointof view, it is often im-
practicalto explicitly follow each species.If this were attempted,the
chemicalmechanismswouldbehuge(e.g.,theHarwellMasterChemical
Mechanism(Jenkin et al. 1997) that has over 7,000 reactions)and
would be computationallyburdensomein three-dimensionalmodels.

TABLE 3-3 Commonly Used Chemical Mechanisms for Air-Quality Modeling and
Reactivity Studies

Mechanism Description Reference

Statewide Air Pollution
Research Center 1990
(SAPRC-90/93/97)

Explicit for a large number of organ-
ics, but uses a lumped representation
for reactive products. Designed, in
part, for reactivity applications.

Carter 1990,
1995, 1997

Carbon Bond IV (CB4) Lumped by number of carbon bonds
in compounds. Specified by EPA for
regulatory purposes.

Gery et al. 1989

Lurmann, Carter,
Coyner (LCC)

Earlier and more-condensed version
of SAPRC-90. Used for the earlier CIT
grid-model reactivity-assessment
calculations.

Lurmann et al.
1987

Regional Acid
Deposition Model,
version 2 (RADM-2)

Developed for use in regional acid-
deposition modeling. Similar to LCC
in detail, except more detailed model
for peroxide formation.

Stockwell et at.
1990

Harwell • Used in Europe. Very large number of
compounds represented explicitly.

Derwent and
Hov 1979

Harwell Master •

Chemical Mechanism
Detailed, explicit mechanism with
over 7,000 reactions.

Jenkin et at.
1997

Moreover, if it were practical,laboratorydataare availablefor only a
smallsubsetof the relevantreactions,andfor all otherstheir ratecon-
stantsandtheproductstheyform would haveto beestimatedby extrap-
olation or by analogyfrom the simpler,better-studiedsystems. Thus,
preservingthe full complexityof theatmosphericVOC chemicalsystem
in a model might not necessarilyincreasethe reliability of the model’s
predictions.Chemicalmechanismsin air-qualitymodels,therefore,are
typically basedon the assumptionthat the atmosphericoxidation of
complexVOCs canbe simulatedby analogyto simpleronesor by using
parameterizationsto describethe full suiteof elementaryreactions.To
ensurethat thesesimplifying assumptionsare capableof adequately
simulatingtherealworld, chemicalmechanismsshouldbe,andgenerally
are,testedagainstexperimentaldatafrom smogchambersin which the
relevantchemicalprocessesare monitoredundercontrolled andwell-
characterizedconditions. Thesedataarethenused to tunethe various
parameterizationscontainedin themechanismor to testwhethermodel
predictionsusingthe mechanismmatchexperimentalresults.

Various types of chamberexperimentsare usedto test different
aspectsof thechemicalmechanisms.lrradiationsof singleVOCsin the
presenceof NO~areusedto testthemechanism’sability to simulatethe
oxidation of andozone production from an individual VOC; NO~-air
irradiationsof morecomplexVOC mixturestest the performanceof the
modelasa whole; andexperimentsin which the effect of addingsingle
VOCsto irradiationsof NO,andcomplexmixturestestmodelpredictions

of theVOC’s incrementalreactivity. Evaluationof chemicalmechanisms
• with smogchamberdata is complicatedby uncertaintiesin chamber

effects,andseparatecharacterizationexperimentsareneededto evaluate
thoseeffects.

Chamberdataare currently availableto test the mechanismsfor
only a subsetof themanytypesof VOCsemitted into the atmosphere.
For the other species,reactionsare either derived by analogywith
mechanismsfor compoundsthat havebeenstudied,or theyarerepre-
sentedin the model as if theyreactedin thesameway as someother
chemicallysimilarspecies.Mechanismsarefurthersimplified or extrap-
olatedusingan approachreferredto as “lumping.” In this approach,a
singlehypothetical(orpseudo)speciesis usedin themodelto represent
a largernumberof compoundsassumedto reactin the sameway, or a
groupof modelspeciesis usedto representaspectsof the reactionsof
variouschemicalcompounds.Thelumpingapproaches,andtheapproxi-
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mationsandinaccuraciestheyintroduce,varydependingon themecha-
nisms(seeTable3-3).

REACTIVITY ASSESSMENTS USING SMOG CHAMBERS

As mentionedabove,oneway to assessaVOC’s reactivityis to measure
its effect on ozonewhen irradiated in the presenceof NO, and other
VOCsin smog-chamberexperiments.Although theseresultshavelimited
applicability for thereasonsdiscussedabove,theycanbe quitevaluable
for evaluating and verifying reactivities calculatedusing air-quality
models. Studiesbasedon smogchambersincludethoseof Carterat the
University of California at Riverside,Kelly at the GeneralMotors Re-
searchLaboratories,andJeffriesattheUniversityof NorthCarolina.The
resultsof the experimentshavebeenencouraging.

CarterandAtkinson (1987) conducteda series of experimentsin
which theimpactof addingaVOC to a basemixtureof organicsandNO,
wascomparedwith a similar experimentwithout the extracompound
being added. This serieswas doneat variousNO, levels. Resultsof
thoseand morerecentseriesof experimentshavebeencomparedwith
~hepredictionsof boththeSAPRC-90mechanismandSAPRC-93mecha-
nism. ThereactivitiescalculatedusingtheSAPRC-90mechanismagreed
reasonablywell with theexperimentalresultsfor mostVOCs, exceptfor
the internalalkenes(e.g., 2-butene,2-pentene).Reactivitiescalculated
using the SAPRC-93 mechanismperformed significantly better. In
particular,themechanismsperformedquitewell in simulatingtheeffects
of varying the NO, levelsandthenatureof thereactiveVOC surrogate.
However,neithermechanismperformedparticularlywell in simulating
reactivitydifferencesamongxylene and trimethylbenzene.isomers.

In theexperimentsof Kelly etal. (1994, 1996),incrementalreactivi-
ties of severalrepresentativeVOCs weremeasuredasa functionof the
amountof VOC addedunder conditionsthat tendedto maximize the
reactivity. Although theVOC mix usedin the experimentsonlyapproxi-
matedtheVOC mix simulatedin a replicatemodelingstudy,theexperi-
mental reactivity results correlatedwell with the modeled reactivity
results.

Jeffriesetal. (1997, 1998) useda largeoutdoorsmogchamberto
study ozone formation from various complex mixtures designed to
closelyduplicatecomponentsin vehicleexhausts,andKleindienstet al.

(1996)performedsimilarexperimentsusinganindoorsmogchamberto
examinethe reactivity of the exhaustfrom vehiclesusing alternative

• fuels. Thepurposeof theJeffriesetal. studieswas to evaluatechemical
mechanisms,and to compare,directly, ozoneformation from various
chemicallyrealisticmixtures.

Althoughsmog-chamberstudiesareessentialfor chemical-mecha-
nism evaluation,incrementalreactivitiesin smogchambersarenot the
sameasincrementalreactivitiesin theatmosphere(asdiscussedabove).
It is not practicaltoduplicateall theenvironmentalconditionsthataffect
aVOC’s incrementalreactivityin smog-chamberexperiments,and,even
if it were practicalto do so, it would not be practicalto usesuch infor-
mation to investigatecomprehensivelyhow reactivitiesvary over the
wide variety of conditionsthatoccurin theatniosphere.For this, air-
quality modelcalculationsarerequired.

AIR-QUALITY MODELS

Air-quality modelsarecomputerizedrepresentationsof theatmospheric
processesresponsiblefor air pollution, which includesozoneformation
(NRC 1991), These models integratecurrent understandingof the
atmosphere’schemistryandmeteorologywith estimatesof sourceemis-
sionsto predicthowthe compositionof traceatmosphericspecies,such
asozone,respondto changesin emissions.Table 3-4listsanddescribes
someof the air-qualitymodelsthat havebeenusedto assessVOC reac-

• tivity and the ozone-formingpotentialof motor-vehicleemissions.
The modelsvary greatly in complexity, andthus also vary in the

amountof input data and computationalresourcesthey require. In
general,the majorprocessesthat affect the evolutionof pollutantsare
parameterizedwithin themodels,includingemissionsreleases,gas-phase
chemical reactions(using chemicalmechanismsas describedabove),
transport,mixing, deposition,andscavenging.Theequationuponwhich
air-qualitymodelsarefoundedis a statementofchemicalspeciesconser-
vation (Seinfeld 1986):

~fL+v.uc~=VKV(c1/r)+R1(c1, c2, . - - e,1, 7’, t)+

S1(Z t)i=1,2,3, . - ., n (3-5)
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TABLE 3-4 Examples of Air-Quality Modelsa

Model Reference Description

Empirical Kinetic
Modeling Approach
(EKMA)

Dodge 1977;
Gipson 1984

Lagrangian, single well-mixed cell.
Allows for time-varying emissions
and inversion height raise.

Urban Airshed Model
(UAM)

Reynolds et al.
1973, 1979

Three-dimensional, urban-scale
photochemical model. Specified by
the EPA for regulatory applications.

Carnegie/California
Institute of Technology
(CIT)

McRae et al.
1982; Harley et
al. 1993

Three-dimensional, urban-scale
photochemical model.

CALGRID

Regional Oxidant Model
(ROM)

Yamartino et al.
1989, 1992

Lamb 1983

Three-dimensional, urban-scale
photochemical model.

Three-dimensional, regional-scale
photochemical model.

Urban-to-Regional Multi-
scale (URM) Model

Odman et al.
1994

Three-dimensional, multiscale
photochemical model.

EPA Models-3 Dennis et al.
1996

Three-dimensional, multiscale
photochemical model.

3For more information on types of air-quality models and model verification, see
Russell and Dennis 1998, and the references therein.

where,on the left,
ôc.

representsthelocal time rateof changein c~,theconcentration

of speciesi, and

Uc1 representsthe rateof transportof speciesi by organizedwind

fields (i.e., advection);on the right,
•KVc1 representsthe rateof transportdueto turbulentmixing,

R1 isthenetrateof changeinc1 throughendueto chemicalreactions
for time t andtemperature7’, and

S~representsemissions(sources)of compoundi overa specified
time andataspecifiedlocation.

The differencesin air-quality modelsarise primarily from the
varyingdegreesof complexityallowedin thetreatmentof thenonchemi-

calprocessesandin thenumericaltechniquesusedto solveEquation3-5.
To date,modelsimulationsof ozoneformationandVOC reactivityhave
beenperformedusingtwo typesof air-qualitymodels: (1) boxor trajec-
tory modelsand(2) three-dimensionalEulerianmodels.

The trajectoryor box modelrepresentsthe pollutedatmosphereby
adiscreteair parcel. (Thismodelis the kind usedto illustrateaspectsof
ozonechemistryin Chapter2.) Many trajectorymodelsusea singlecell
to representa columnof boundary-layerair; othersusediscreetcellsto
subdividetheverticalcolumn(e.g.,the two-cell model usedby Derwent
andJenkin1991). The model’sair parceleitheris fixed in space(i.e.,as
a box over a city) or allowed to move over the air basin,following a
trajectorycalculatedfrom thewind fields(i.e.,aLagrangiansimulation).
In eithercase,emissions,deposition,andmeteorologicalchangescanbe
included. However, box and trajectory models,by their very nature,
greatlysimplify transportanddiffusion, provideverylimited information
on spatialvariability, andthuscannotrepresentanyparticularpollution
episodewith greatdetail. However,theycanrepresentchemicaltrans-
formationsin as greatdetail as is known. Further, they are readily
appliedandare not computationallyintensive. For thesereasons,box
modelshavebeenusedextensivelyto definereactivities. For example,
the reactivity scalespecified by the California Air ResourcesBoard
(CARB) in the California LEV/CF Regulations(CARB 1990) wasdevel-
opedusinga single-cellmodel (seediscussionbelow). To testhowwell
thesemodelspredictreactivityin a specificairshed,andto examinethe
spatial and temporalaspectsof VOC reactivity, a more physicallyde-

•tailed Eulerian modelmustalsobe applied.
Three-dimensionalEulerian models, also called grid or airshed

models,divide arepresentedair massintomultipleverticalandhorizon-
tal cells. Grid modelsprovidethemostcomprehensiverepresentationof
anyairshedandprovide the only meansto predictobservedpollution
levelsin real-worldpollutionepisodes,particularlywichrespectto spatial
andtemporalvariation. However,thesemodelsrequirelargequantities
of detailedinputdataandhaverelativelyhigh computationaldemands.
In addition to uncertaintiesin chemicalmechanisms(a featurecommon
to both box andgrid models),grid modelsare alsooften limited by
uncertaintiesin input data(e.g.,emissionsandwind fields). For these
reasons,grid modelsare bestapplied to airshedsin which extensive,
carefully examinedinput dataareavailable. Resultscanthenbe com-
paredwith ambientpollutantobservationsto evaluatethe accuracyof
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TABLE 3-5 Examples of Compound-Reactivity Modeling Studiesmodel predictions. Although modelsare frequently only evaluated
againstobservedozonedata,comparisonswith observationsofVOC and
NO~concentrationsareneededto assessa model’sability to accurately
simulatethe relationshipsbetweenozoneandits precursoremissions.

Thus,box andgrid modelsprovidevaryingadvantagesanddisad-
vantages.Becausetheyarenot computationallyintensive,box models
canbe usedto representa wide variety of chemicalconditionsandto
performextensive,formalsensitivityanalyses.Grid models,on theother
hand,althoughnot well suitedto multiplescenariotestingandcompre-
hensivesensitivityanalysis,provideanopportunityto comprehensively
assessspecificpollutionscenarioswith greatspatialandtemporaldetail.
Choosingwhich model is bestsuited for aspecificapplication is often
basedon balancingthe needfor physical detail with computational
limitations. For thesereasons,thestudyof reactivityshould,in princi-
ple, rely on bothbox- andgrid-modelpredictions. In this case,results
from bothtypesof modelscanbecomparedto helpassessthe reliability
of the predictions. Air-quality modelingstudiesconductedspecifically
for investigatingVOC speciesreactivity are given in Table 3-S.

Box- and Trajectory-Model Reactivity Assessments

CarterandAtkinson (1989)usedabox modelanda detailedchemical
mechanismto quantifythereactivitiesofavarietyof VOCs. Theyfound,
not surprisingly,thatthe reactivityin termsof gramsof ozonepergrams
of VOC variedsignificantlybetweencompoundsandalsoas a function
of the VOCto NO,, ratio. In follow-on work, Carter(1993, 1994)devel-
oped 18 separatereactivityscalesfor quantifyingVOC reactivity under
differentconditions,in this caseusingthe SAPRC-90chemical mecha-
nism in a single-cell trajectory model. Those reactivity scaleswere
derivedusingninedifferentapproachesfor dealingwith thedependence
of reactivityon environmentalconditionsandon two methodsfor quan-
tifying ozoneimpacts. Of the 18 reactivityscales,3 havereceivedthe
most attention:the maximumincrementalreactivity (MIR) scale,the
maximum ozone incrementalreactivity (MUIR) scale,andthe equal
benefitincrementalreactivity(EBIR) scale(seeTable 3-6).

TheMIR scaleis the incrementalreactivity(IR) ofaVOCcomputed
for conditionsin which the compoundhas its maximumabsoluteIR
value. This generallyoccursat a low VUC-to-NU~ratio in which the

Reference Model Type Mechanism Application

Calculation of three reactivity scales
for 11 lumped compounds. Simula-
tions were performed for a 3-day pe-
riod in the Los Angeles area (the
SCAQS episode).

Carter 1994 Trajectory SAPRC-90 Development of 18 reactivity scales
(including the maximum incremental
reactivity (MIR) and the maximum
ozone incremental reactivity (MOIR))
for 117 compounds. Results are the
average of 39 trajectory simulations
for 10-hr periods.

Yang et al. Trajectory SAPRC-90 Review of rate constant uncertainties
1994 and three-

dimensional
(CIT)

Rate constant uncertainty calculations
for the reactivities of 26 compounds
under MIR- and MOIR-type conditions.
One averaged trajectory was used
rather than the 39 used in the Carter
MIR and MOIR calculations.

SAPRC-90 Calculation of three reactivity scales
for 27 compounds. Simulations were
performed for the SCAQS episode.

Trajectory SAPRC-90 Calculation of the contributions of 18
compounds to ozone concentrations
in the Lower Fraser Valley.

Derwent et Harwell tra- Harwell Updated calculation of VOC POCPs.

Carter and Trajectory
Atkinson
1989

Derwent and
Jenkin 1991

Trajectory

SAPRC One-day simulation of reactivities un-
der varying VOC-NO,, conditions.

Derwent
and Hov
(1979)

LCCMcNair et al Three-dimen-
1992 sional (Cli)

Two-layer 5-day trajectory simulations
of reactivity. Photochemical ozone
creation potential (POCP) scales.

Trajectory SAPRC-90Yang et al.
1995

Bergin et al. Three-dimen.
1995 sional (CIT)

Jiang et al.
1996

al. 1996 jectory model mechanism
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Reference Model Type Mechanism Application

Bergin et al.
1998a

Three-dimen- SAPRC-90
sional (CIT)

Rate constant uncertainty calculations
fof the scales and compounds in the
Bergin et al. (1995) study above.

Derwent et
al. 1998

Harwell tra- Master
jectory model Chemical

Mechanism

Calculation of VOC POCPs using a
large, detailed mechanism.

.

Khan et al.
1999

Trajectory SAPRC-9O
and three-
dimensional

Calculation of eight compound reactiv-
ities in three domains using both grid
and box modeling.

I I o[o4 11
MIRr = Average)Max’

I [a[voC~]jJ (3-6)

whereMIR~is the MIR of speciesi, and [VOC1} is the input amountof
speciesi. In practice,Carterfixed theVUC concentrationsandadjusted
theNO~to maximizethe reactivityfor the specificmodelrun (or trajec-
tory). TheMUIR scaleis the incrementalreactivitycomputedfor condi-
tions that maximizethe ozoneconcentration(seeFigure3-1), andthus
tendsto representconditionsin whichtheVOC to NO,, ratio is moderate
andthe chemistryis approaching,or in, thetransitionalregionbetween
VOC limitation andNO,, limitation (seeChapter2). Mathematically,it
is

[a[o3]1
MOlR~= Average

1LoWOC1 flier10,1 ma~mIzedJ
In this case,the NO,, levelsin thetrajectoriesaretypically set to give the
maximum ozone levels, and then the sensitivity of the ozoneto the

TABLE 3-6 Summary of Major Characteristics of the Primary Carter Reactivity Scales

Derivation of Scale Reflects
Type of Scenarios from Individual Ozone Effect of

Scale Used Scenario Reactivities Quantification VOC on

Maximum Low VOC-to-NO, Averages of MaximuM Ozone
incremental ratio conditions in incremental ozone formation

reactivity which ozone is reactivities in the rates
(MIR) most sensitive to MIR scenarios

VOC changes

Maximum Moderate VOC-to- Averages of Maximum Ultimate
ozone NO,, ratio condi- incremental ozone ozone
incremental tions in which reactivities in the yield
reactivity highest ozone MOIR scenarios
(MOlR~ yields are formed

Equal Higher VOC-to-NO,, Averages of Maximum Ultimate
benefit ratio conditions in incremental ozone ozone
incremental which VOC and reactivities in the yield
reactivity NO,, control are EBIR scenarios
(EBIR) equally effective in

reducing ozone
aThe MOIR scale is also referred to as the maximum ozone rea ctivity (MOR)

scale.

individual VOCs is assessed.EBIR is the incrementalreactivity for [lie
conditionsin which the sensitivityof ozoneto VOC is equalto that of
NO,,. Thus,the EBIR scaleis calculatedfor conditionsthat lie midway
betweenVOC limitation andNO,, limitation (i.e., the transitional re-
gime).

F CARB (1990)proposedusingtheMIR scalefor regulatoryapplica-
tions, becausethe MIR scalereflects reactiviriesunder environmental
conditionsthat are most sensitiveto the effects of VOC controls. Al-
thoughthe MIR scalemight not be accuratefor lower NO,, conditions,
Stateof Californiaofficials reasonedthat,becauseof thelower sensirivit3
of ozone toVOC undertheseconditions,theimpactof theseinaccuracie~
would not beas critical (i.e., the scalewould be mostaccuratefor VOC
limited conditions,theconditionsfor whichVOC controlswould bemos
effective). TheMIR scalewasalsofoundto correlatewell to scalesbasec
on integratedozoneyields, evenin lower NO,, scenarios.Perhapsfoi

Table 3-5 (Continued)

chemistryis VOC-limited (seeFigure3-1). Mathematically,it is approxi-
matelyexpressedas

(3-7)
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FIGuRE 3-1 Dependencies of peak ozone concentrations and the peak ozone sensitivi-
ties (51O3]/a[VOC]) with respect to initial VOC and NO,, concentrations. The top
graph illustrates peak ozone concentrations (as isopleths) as a function of both VOC
and NO,,. The bottom left hand graph shows how peak ozone levels vary when NO,,
is increased at a constant VOC input, and the right hand graph shows how ozone
changes as VOC is varied at constant NO,, input. Also shown is how the sensitivity
(3[O3]/3[vOC]) varies. The peak in the ozone sensitivity (a(031/a[VOC]) plot corre-
sponds to MIR conditions (in essence, maximum sensitivity), and the peak in the
ozone cpncentration plot corresponds to MOIR (i.e., maximum ozone) conditions.
The maximum ozone concentrations were calculated using a 1-day box-model
simulation using the averaged conditions scenarioof Carter (1994) and the SAPRC-
93 mechanism. Source: Bergin et al. 1998a. Reprinted with permission from EnCy-
clopediaofEnvironmenta/Ana/ysis and Remediatiog~copyright 1998, John Wiley &
Sons, New York.

thesereasons, MIR hasbeenthereactivityscaleusedmostextensivelyfor
policy-makingin the,UnitedStates. Forexample,in California, theMIR
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scaleis usedas abasisfor derivingreactivityadjustmentfactors(RAFs)4

inCalifornia’sLEV/CF regulations(CARB 1991). TheMIR scalewasalso
usedto comparereactivitiesof vehicleemissionsduringvariousdriving
cyclesaswell as with the useof variousreformulatedgasolinesin the
Auto/Oil Studysponsoredby thepetroleumandautomobilemanufactur-
ing industries(AQIRP 1993). Thus,theanalysespresentedlaterin tins
reportare alsolargely basedon the MIR scale.

Nevertheless,it should be noted that the MOIR and EBIR scales
haveadvantages.For example,MUIR is representativeof conditionsfor
theworstcasescenarioin whichozoneconcentrationswouldbe highest.
Both MUIR andEBIR aremore representativeof lower NO,, conditions
thataretypically found in the easternUnitedStates. Moreover,theMIR
scaletendsto predict lower reactivitiesfor slowly reactingcompounds
thanmightbeappropriate,becausethe higherNO,, concentrationsused
for MIR scenariostendto suppressradicallevelsand thusalsosuppress
the kinetic reactivity of slower-reactingcompounds.

Other trajectory-modelinvestigationsof VOC reactivity have in-
cludedAndersson-Skoldet al. (1992),DerwentandJenkin(1991),and
Derwentet al. (1996, 1998). Thoseresearchersderivedacomparable
setofVOC reactivities,termedphotochemicalozonecreationpotentials
(POCPs).POCPis definedas the reactivitynormalizedto ethenecalcu-
lated using a two-layer trajectorymodel coveringan idealizedS-day
trajectory acrossEurope. The secondlayercontainsreactedmaterial
from previousdays. The POCPsarecalculatedfrom thechangein mid-
afternoonozoneconcentrationdueto eachspeciesin the trajectorythat
resultsfrom removing the testVUC from the emissions,divided by the
integratedemissionsof thetestVUC up to thetimeof the ozoneobserva-
tion.

i

A comparisonof MIR, MUIR, andPOCPfor selectedVOCs is shown
in Figure 3-2. The MIR andMUIR scalesusually give similar relative
reactivitiesfor mostcompounds,andareconsistentin their predictions
of which compoundsarehighly reactiveandwhich are not. However,
for reasonsindicatedabove,theMUIR scalegiveslower relativereactivi-
ties for aromatics,andalsopredictslower relativereactivitiesfor radical

4RAF (reactivityadjustmentfactor) is theratio betweenthe exhaustreac-
tivities of two fuels(seediscussionlaterin thischapter).
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initiators, suchas formaldehyde,which havelargereffects on ratesof
ozoneformation than on total ozoneformation over longer periods.
Effects of differencesand uncertaintiesin chemical mechanismson
calculatedincremental-reactivityscalesarediscussedin moredetaillater

~ -~ in this chapter.

Eulerian-Model Reactivity Assessments(ucn~

e A seriousconcernabouttheregulatoryapplicationof scales,suchasMIRand MUIR, is that theyare basedon a box-modelor traject.ory-model

simulationof asingle-dayair-pollutionepisode.Forexample,although
~ . MIRs areoften developedfrom 10-hr simulations,someorganiccorn-

poundscan remain in an urbanairshedfor 2 to 3 days if stagnationis
~ -~ -~ sufficiently severeor thereis significantrecirculation.Thus,MIRs might
~ t~ underestimatethe relativereactivityof theslower-reactingcompounds.
~ .i~.~ Moreover, trajectorymodelslack the physical detail, the spatialand

temporaldetail of emissionsandresultingpollutants,andthe multiday
7J -~ t pollution effectsthat can be representedin Eulerianmodels. For that

reason, reactivities derived using box and trajectory modelsshould
ideallyhe evaluatedusingmore-detailedEulerianmodels.On theother

~a hàiid, sudi~iifivaluationis not without its own inherent challenges.

N Oneof the mostcrucial is establishinga protocolfor cOmparingmodel p~
.9 ~ -~ -~ results; that is, what aspectof the spatially and temporallydetailed

~ ~ Eulerian-modelpredictionsare most appropriateto comparewith a ~

~ ~. ~ relativelysimpleMIR or MUIR predictedby a trajectorymodel? Perhaps
somewhat arbitrarily, investigatorshave typically used either the

cx~~ Eulerian-modelpredictedvaluesfor thepeakozoneconcentrationin the
E airshedor the population-weightedexposuresto ozone.

oue;oo-u .~ S Thus far, themostcomprehensivecomparisonof reactivitiescalcu-
2 ii ~ latedusingtrajectorymodelswith thosederivedfrom anEulerianmodel

auc~ng-u ~d •a -g havebeencarriedoutusingtheCarnegie/CaliforniaInstituteof Technol-
.~ 9 ~ . ogy (CIT) model (Harley et al. 1992) applied to a 3-day air-pollution
a ~, hi episodein the Los Angelesair basin (McNair et al. 1992; Berginet al.

~ 1995, 1998b;Khan et al- 1999). McNair et al. (1992) used the CIT
o ~ modelwith ahighly lumped chemicalmechanism(the Lurmannet al.
(‘Jo -,.. - . .. . . -.

G ~ g- (1987)mechanism(LCC)) to quantifythe reactivityof 11 individualand
~ ?~°~ lumped VOCs. This studyallowed comparisonwith single-cell-model

E ~ ~ reactivity studiesby others;it alsoallowed comparisonof the different
M~&Al9’i
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metricsusedto derivereactivities.TheresultsshowedthatMIRs derived
from trajectorymodelsdid not performwell in predictingpeakozone

\~\\‘~sensitivitiesto specificVOC species,but performedreasonablywell in
C/c.~predictingtheeffectsof VOCspecieson theintegratedexposureto ozone

p overtheair-qualitystandard.The MUIR scaledid not compareas well

~\‘ I.~as theMm scalewith resultsderivedfrom airshedmodel for either the
peak ozoneconcentrationorozoneexposureconcentrationsgreaterthan

the air-qualitystandard.
~ Subsequentto the study of McNair et al. (1992), the SAPRC-90

~mechanism wasimplementedin the CIT model by Berginet al. (1995,
~ )R~~1998a) for more direct comparisonwith the MIR and MOIR scales.

Reactivitieswere normalizedto a mixture of VOCs representativeof
exhaustemissions,asin the reactivitystudiesof Carter(1994)andYang
a al. (1996).~Again,theresultsfor the exposuremetricscomparedwell
with the MIR scale(e.g.,regressiongaveaslopeof 098and? = 037).

To a lesserextent,the MUIR scalecomparedreasonablywell with the
~ ~peakozonemetricfrom three-dimensionalmodeling(slope= 0.95,r2 =

~ 0.74), which occurs in a region that is less NO,,-rich. These results
suggestthat the MIR scaleis mostappropriatein areasrich in NO,,,
thoughis lesswell suitedto areasthataremoreNU,,poor. This is exam-
ined further in the discussionon variabilities.

UNCERTAINTIES IN SPECIES’ REACTIVITIES DUE TO
CHEMICAL-MECHANISM UNCERTAINTY

A concernoften raisedwith regardto the useof reactivitiesin policy-
making is their dependenceon model-derivedquantitiesthat mightbe
significantly distorted by uncertaintiesin knowledgeof atmospheric
chemistryand its representationthroughchemicalniechanisms.Mea-
surementerrorsin laboratorykinetic andproductstudiescontributeto
uncertaintyin the chemicalmechanismsusedto calculateincremental
reactivities. Moreover,asdiscussedabove,theproductsof theinitial OH
radical,NO3 radicaland/orozonereactions,andtheir subsequentprod-
ucts,of manyof theorganiccompoundsemittedinto urbanatmospheres
arenotwell characterized.Theirrepresentationin chemicalmechanisms
is basedon analogyto compoundsof similar structure,creatingadded
uncertainty.At issueis whetherthe uncertaintiesin the chemistry,not
only of the targetspeciesbut otherspresentin the atmosphereaswell,

significantly limit the reliabilityof model-derivedreactivitiesfororganic
compounds.Theimpactof uncertaintiesin chemicalmechanismson the
reliabilityof reactivitiesderivedfrom modelsshouldbediscussedat two

levels. First, how uncertaintiesaffect the reactivity of individualVOCs
is addressedin this section. Second,howtheyaffect the reactivityof a
sourceof emissionswhosecompositionis madeup of a largenumberof
VOCsis addressedlaterin thischapterwith particularemphasison light-
dutyvehicular(LDV) emissions.

Oneway to assesstheeffectsof chemical-mechanismuncertaintyis
to comparereactivity predictionsusingdifferentstate-of-the-artmecha-
nismsthatincorporatediffering assumptionsconcerningunknownareas
of thechemistryanddiffering lumping approaches.As discussedabove,
the SAPRC-90mechanismwas usedfor calculationof the MIR, MOIR,
andotherreactivity scalesbecauseof the largenumberof VOCs it can
explicitly represent.TheRADM-2 andLCC mechanismsemployassump-
tionssimilar to SAPRC-90concerninguncertainportionsof thearomatics
andothermechanisms,andwouldbeexpectedto givesimilarreactivities
for thespeciesthatthecondensedmechanismsaredesignedtorepresent.
I-Iowever, this might not be the casefor the CB4 mechanism,which
employsdifferentassumptionsconcerningsomeof the uncertaintiesin
the aromaticsmechanisms,and usesdifferent methodsfor treating
alkaneandalkenereactions(Gery et al. 1988). In addition,sincethe
CB4 mechanismand SAPRC-90mechanismweredeveloped,therehave
beensignificant changesin the understandingof alkene and ozone

reactions, new data on aromaticsmechanisms,new laboratorydata
concerninga numberof potentially importantreactions,and a large
databaseof new smog-chamberexperimentsdesignedexplicitly to test
VUC-reactivity scales (Carter et al. 1993; Jeffries and Sexton 1995;
Carteretal. 1995a,b,c).

Figure 3-3 showsa comparisonof MUIRs andMIRs for vehicular
exhaustemissions(relative to standardexhaust)calculatedwith the
SAPRC-90, CB4, andthe updatedSAPRC-93mechanisms. Other than
themechanism,thescenariosandthecalculationmethodologywerethe
same(Carter1994). Differencesof about20%or moreare not uncom-
mon. However,for ethanolandMTBE, theagreementamongthemecli-
anismsis remarkable.The most conspicuousdifferenceis for toluene.

More systematicstudiesof the effectsof mechanismuncertainties
werecarriedout by researchers(DerwentandHov 1988;Russellet al.
1995; Yang et al. 1995, 1996; Bergin et al. 1996, 1998a;Yang and
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Milford 1996) usingairshedmodelsandbox modelsto exploreto what
degreeuncertaintiesin chemical-rateparametersaffect the calculated
compoundreactivities. Yanget al. (1995, 1996) used Monte Carlo
analysiswith Latin HypercubeSamplingto calculatereactivityuncertain-
tiesderivedfrom a trajectorymodel. Berginet al. (1998a)extendedthis
analysisto a three-dimensionalmodelby focusingon only thoseuncer-
taintiesin thechemicalmechanismidentified by Yanget al. to bemost
critical. Generally,thesestudiessuggestthat the uncertaint?in the
meanMIR va!uecalculatedfor mostindividual VOCs generallyis in the
rangeof 2Q%. The estimateduncertaintyin thepredictedpeak
ozone cqncentrationfor the averageMIR simulation conditionswas ‘1¼
ab&iU~Y°%Trelativeto a meanpredictionof —0.15 ppm. For predicted
ozone aiiä MIRs, the rnost_jnfiMcntial uncertaintiesare thosein rate
parametersthatcontrol the availabilityof NO~andradicals(Yang et al.
1995). ForMills, uncertaintiesin therateparametersof primaryoxida-
tion reactiuiii or reactionsof relatively stableintermediates,are also
influential. However, becauseuncertaintiesin the rate constantsand
parameterizationsusedin thechemicalmechanismsapplyto thecalcula-
tions for all VUC reactivities, the effects of theseuncertaintieson the
reactivitiesof individual VOCs are stronglycorrelatedbetweenVUCs.
For example,an increasein the photolysis rate for NU2 increasesthe
reactivity of most speciesby about the sameproportion. Thus, the
relativereactivitiestendto havesignificantlysmalleruncertaintiesthan
thoseof theabsolutereactivities (Yang et al. 1995,1996). Generally,
throughthe useof three-dimensionalmodeling,the uncertaintiesin the
relativereactivitiesof individual VUCs havebeenfound to rangefrom
about15% to 40% (Berginet al. 1998a).

VARIABILITY OF OZONE-FORMING POTENTIAL
- WITH ENVIRONMENTAL CONDITIONS

Anotherconcernaboutthe useof i-eactivitieswithin a regulatorycontext

51n this andsubsequentsections,uncertaintydenotestwo timesthe stan-
darderrorof themean. Suchconfidenceintervalswill containtheactualvalue
95%of thetime. A more-detaileddiscussionof uncertaintyandits implications
for policy-makersis presentedin Chapter7.

relatesto thefact thattheozone-formingpotentialof anygivenVOC can
be heavily dependentuponlocal ambientconditions. In the extreme,a
compoundcango from beingan efficient generatorof ozoneunderone
setof conditionsto havinga negativeimpacton ozoneproductiontinder
anothersetof conditions. This is due, in part, to the formation of an
organic nitrate that ties tip both a photochemicallyactive oxidized
nitrogen molecule and a reactiveorganicradical. Wiule somecom-
pounds (e.g., toluene) do appearto havethis property, a variety of
studiesindicatethatsuchcompoundsrepresentexceptionsratherthan
the rule, andthat,as in the caseof mechanisticuncertainty,the impact
of environmentalvariability canbeminimized by usingrelativereactivi-
ties insteadof absolutereactivities. A few studiesthat haveaddressed
thosecomplicationsarediscussedbelow.

In order to assessthe magnitudeof reactivity variability from one
city to another,Russellet al. (1995)derivedabsoluteandrelative reac-
tivities along39trajectoriesusingtheboxmodelof Carter(1994). Mean
absolutereactivities and mean relative reactivities, along with their
respectivestandarddeviationsof the mean,werethencalculated. The
magnitudeof thosestandarddeviationsthus providesan indication of
howdifferentenvironmentalconditionsaffectreactivities.Inspectionof
Table3-7, inwhichsomeof thestandarddeviationscalculatedbyRussell
et al. are listed, indicates that environmentalvariability doesin fact
introducesignificantvariability into reactivitiesfor manyof theubiqui-
tousVUCs. However,suchvariability canbereducedby almostof factor
of 2, from about25-60%to 15-40%throughthe useof relative reactivi-

ties insteadof absolutereactivities.

TABLE 3-7 Uncertainly in the Mean Absolute and Relative MIRs from 39 Separate
Trajectory Simulations Representing Different Environmental Conditions

- 95% Confidence Interval (% of Mean Value)

Compound Absolute Reactivity Relative Reactivity

Formaldehyde 28 16

Methanol 39 23

Ethane 56 38

Toluene 38 21 -
Pentene 39 21 -

Source: Derived from Russell et al. 1995.
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TABLE 3-8_Summary of Source Emissions Reactivity Modeling Studies part,becauseof the alternativefuel regulationspromulgatedin Califor-
____________ Application

Estimated major source reactivities for
metropolitan Los Angeles.

Methanol-fueled vehicle impacts with
respect to conventionally fueled
vehicles. -

LCC Potential methanol-fueled vehicle
impacts for the SCAQS episode
(compared with equal mass emissions
from conventional vehicles).

LCC Calculations of RAFs for four fuels.
Simulations were performed for the
SCAQS episode.

SAPRC-90 Rate constant and exhaust -

composition uncertainty calculations
for the RAFs from reformulated
gasolines and methanol.

SAPRC-90 Report on box model study described
above and a three-dimensional study
of the effects of rate constant and
product yield uncertainties on
predicted ozone impacts of five
alternative fuel RAFs,

SAPRC-90 Evaluation of combined results of
most previous studies. An economic
analysis was also performed.

Extensive evaluation of how
reformulated and alternative fuels
would affect ozone formation in Los
Angeles, New York, and Dallas. Tied
directly to program to assess how fuel
blends affect both emissions
composition and emissions rates.
Modeling of potential impacts of the
use of three alternative fuels (CNG,
M85, and RFG) in two urban areas.

nia (seeChapter5), this issuehas beenexplored in most detail for
motor-vehicleexhaustemissions.

WhenCARB implementedregulationsfor theLEV/CF6program,it
introducedtheconceptof reactivityadjustmentfactors(RAPs)to provide
amechanismfor manufacturerswho build vehiclespoweredby alterna-
tive fuels (including reformulatedgasoline)to take advantageof the
lower ozone-formingpotentialof the emissionsfrom thesevehicles.An
RAP is definedas the ratioof the specificexhaustreactivitiesof two fuels
(per gram of emission of an alternatively-fueledvehicle to that of a
conventionallyfueledvehicle). The specific reactivity of fuel i (SR1) is

N

SR1 = >FAIRI, (3-8)

whereFA~is the fraction of speciestin fuel AandR1 is the MIR of species
L The RAF for fuel A is definedas the ratio of the exhaustreactivities:

RAF= ~ , (3-9)

EFBI R1i—I

whereF81 is the fraction of speciestin the base(reference)fuel. If the
alternativefuel’s RAF is lessthan1, thena proportionallygreateramount
of VOCs canbe emitted,suchthat the RAF timesthe massof emissions
meetssometotal emissionsstandard. In practice,theappropriateness
ofRAP—calculatedusingMlRvalues—wastestedusingagrid modeland
adjustmentswere madeas necessary.

The sourcesandmagnitudeof the uncertaintiesin RAPs havebeen
investigatedby a variety of investigators,includingYanget al. (1996),
McBride etal. (1997),andAQIRP (discussedlater). ThestudiesofYang

Reference

Trijonis and
Arledge
(1976)
Chang et al.
(1989)

Model Type

Calculated
(not
modeled)
Trajectory

Mechanism

EPA smog
chamber
data
LCC

Russell et al. Three-
(1990) dimensional

(CIT)

McNair et al. Three-
(1994) dimensional

(CIT)
Yang et al. Trajectory
(1996) -

Bergin et al. Trajectory
(1996) and three-

dimensional
(CIT)

Russell et al. Trajectory
(1995) and three-

dimensional
(CIT)

Dunker et al. Three-
(1996) dimensional

(UAM)

Guthrie et al. Three-
(1996) dimensional

(UAM)

i~I

F~R1

CR4

CR4

6Aspectsof this programarediscussedin Chapters4 and5.
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et at. (1995) andMcBride et al. (1997) revealedthatalthoughthe 2-a
uncertaintyin the relativereactivity of individual speciesdueto uncer-
taintiesin chemicalmechanismsgenerallyrange from about20% to
40%, that range grossly overstatesthe uncertaintyin the composite
relative reactivityof a specificemissionssource.An examplewould be
reactivitiesfrom a fleet of motor vehiclesusingonetype of fuel versus
another. In this case,muchof the chemicaluncertaintytendsto cancel
out (providedoneis usingrelativereactivitiesinsteadof absolutereactiv-
ities),leavingan uncertaintyof only afew percent.A muchlargeruncer-
tainty arises from the variability anddifficulty in characterizinghow
differentvehiclesrespondto fuel compositionchanges.This is largely
dueto the limited amountof testdataandthelimited knowledgeof how
well a vehiclefleet ischaracterizedby the data. This leadsto substantial
uncertaintiesin the compositionof the emissions,which feeddirectly
into the calculationof the sourcereactivity. Theresultis an uncertainty
(95%confidencelevel) in relativereactivitiesfor sourcecategoriessuch
as motor-vehicleemissionsof about15-30%(Yang andMilford 1996;
Bergin etal. 1998a).

REACTIVITY FOR 1-HR PEAK AND 8-HR AVERAGED
OZONE CONCENTRATIONS

Anotherspecificquestiontinderconsiderationiswhetherreactivityscales
developedfor a peak1-hr ozoneconcentration(i.e, in accordancewith
the current form of the National Ambient Air Quality Standards
(NAAQS)) wouldbesignificantlydifferentfroma similarscaledeveloped
for a peak8-hr ozoneconcentration(i.e., the new form of NAAQS). At
presentthereis little informationto assessthis issue. Of relevanceis a
studyof Khanet al. (1999) inwhich theauthorscomparedthe reactivi-
ties of severalcompoundsbasedon their impacton the peak1-hr and
the average8-hr ozoneconcentrations.The comparisonis shown in
Figure 3-5. Major differenceswere only found in the halogenated
aromaticsthathadvery small reactivities to begin with. The relative
reactivitiesof theotherspeciesdid not changeappreciably.Thisresult,
albeitlimited, appearsto sUggestthatreactivityscalesderivedfor peaks
of 1-hr averagedozoneconcentrationshouldlargelyapplytopeaksof 8-
hr averagedozoneconcentrationsin urban areas.
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FIGURE 3-5 Ratio of 8-hr average peak ozone relative reactivity to 1-hr average peak
bzone relative reactivity for six solvents. Results are for a 3-day simulation in Los
Angeles. Source: Adapted-from Khan et al. 1999.

On theotherhand,a numberof caveatsshould be borne in mind
before this result is used to justify the applicationof trajectory-model-
derivedreactivity scalesbasedon VOC impact on peak8~hraveraged
ozone concentration. In the first place, recall that Eulierian-model-
derivedreactivitiesbasedon themodel’spredictedpeakozoneconcen-
tration did not compare well with the trajectory-model-derivedMIRs.
Second,reactivitiesderivedfrom trajectorymodelsaretypicallybasedon
verylimited simulationtimes,andthusthe useof thosemodelsto derive
a peak8-hraveragedozone-reactivityscaleis questionable.Finally, the
promulgationof the new 8-hr NAAQS for ozone is likely to extend
nonattainmentinto largergeographicalregionsthatincluderuralaswell
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as urban andsuburbanareas(Chameideset a!. 1997). Thus far, little
work hasbeendoneto assessreactivitiesat theselarge, regionalscales.
Moreover,ozonechemistwat the regionalscaleand in rural areashas
generallybeenfoundto be NOR-limited (OTAG 1997),whereimplemen-
tation of VOC emissioncontrolsandusingaVOC-reactivityscalemight
prove to be lesseffective.

OUTSTANDING TECHNICAL ISSUES IN
QUANTIFYING REACTIVITY -

The scientific and policy-making communitieshave madesignificant
advancesin understandingandimplementingmethodologiesfor quanti-
fying VOC ozone-formingpotentialusing the conceptof incremental
reactivity. Nevertheless,key issuesremain. Among thesearetheuncer-
taintiesin the understandingof the atmosphericchemistryof specific
VOCS,and thusin theability to quantify their ozone-formingpotential,
andthe variability in reactivitybetweendifferentenvironments.It was
earlier statedthat ozonesensitivity to VOC can, in general,vary from
placetoplacewithin agiven airshedandfrom episodeto episode.Thus,
environmentalvariability is notlimited solelyto onecityversusanother,
but also to different locationswithin a city andalso from onetime to
another.Further,it is notapparentthata reactivityscaledevelopedfor
high-ozoneepisodeswill be the sameas onedevelopedfor moretypical
conditions. Also, aswasfound in Los Angeles,the impact on the peak
ozoneconcentrationis not likely to bethe sameas the impacton ozone
exposuresurrogates. -

Anotherimportantissuerelatesto therole of NON. VOC reactivity,
andits usein control strategies,is of muchlessrelevancein a systemand
in locationsthatarestronglyNO~-limited.Thus,VOC reactivityshould
beviewedasawayof providingextrabenefitsto astrategybasedon the
implementationof VOC emissionscontrols. A majorcomplicationcan
arise,however,when a given control measureaffectsNO~emissionsas
wellasVOC emissions,especiallyif theemissionchangesfor thetwo sets
of precursorsare directionally different, which might be the casefor
reformulatedgasolineusingethanolversusMTBE. Underthesecircum-
stances,onecan, in principle,derivereactivitiesfor NO~aswell asVOCs
to assessthenetimpactof thecontrolmeasureonozone. However,little

researchhasbeenundertakenon thederivationandapplicationof NO~
reactivities. Moreover, as implied earlier,NO~reactivitieswould likely
be evenmore dependentupon location and episodicconditionsthan
VOC reactivities. Applicationof NO~reactivities for a nationalozone
mitigation programwould thereforebe problematic.

Finally, considerationshouldbegivento thefuture useof reactivity
scales for particulatematter (PM) and ozone formation. Similar to
ozone,differentVOCscanleadto asubstantialvariationin theformation
of secondaryparticulatematter;manyVOCs will form no extrasecond-
ary organicparticles,but otherscan lead to a substantialamount. In
somecases,thecompoundsthat lead to little ozoneformation leadto
little PM formation,and thosethathaveahigh ozone-formingpotential
alsocanform a largeamountof particles. In other cases,the opposite
is true. Models for simultaneouslyassessingPM reactivityandozone
reactivityarestill underdevelopment.

- SUMMARY

Ozoneatmosphericchemistryinvolvesmanythousandsof reactionsand
a similarnumberof compounds.The two primaryprecursorsto ozone
formation are VOCs (and CO) and NO~,althoughthis, alone, is an
oversimplification. Therearehundredsof differentVOCs emitted into
the atmosphere,andno two havethe samechemistry;thus, theyeach
havea different impacton ozone. Furthercomplexitycomesfrom the
fact that the atmosphereis highly variable, both in its physicaland
chemicalmake-up.Thus,not onlydoesozoneformationresponddiffer-
ently to differentVOC species,but it will oftenresponddifferently to the
samecompoundin differentlocationsorduringdifferentepisodesatthe
samelocation.

A variety of metrics or scaleshavebeenproposedto quantify the
ozone-formingpotential of an individual VOC or a mixture of VOCs
arisingfrom a specificsourceor typeof emission.The reactivitypara-
digm is but oneof a numberof approachesthathavebeendevelopedfor
thispurpose.It is basedonscientificallysoundconceptsandcanprovide
a usefulapproachfor policy-makersattemptingto decidewhich VOCsor
typesof emissionsto regulateand to what degree. Indeed,thestateof
California hasalreadyapplied the reactivity paradigmto its regulation
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of motor-vehicleemissionsandthe fuels usedto power thosevehicles.
Exactlywhat metric should be chosenis, in part, a questionof policy
reflectinga setof prioritiesof the relevantstakeholders.

Within thereactivityparadigm,anumberof differentscalescanbe
used. Eachoneprovidesa measureof the ozone-formingpotentialof a
VOC or mixtureof VOCsundera specificsetof conditions.In thisreport,
themaximumincrementalreactivity (MIR) scaleis usedas theprimary
quantitativemeasureof ozone-formingpotential. Thatscalereflectsthe
ozone-formingpotentialof VOCs underconditionswhereozonecontrol
is mostsensitiveto decreasesin VOCs andis alsothescalethatthe state
of Californiahasproposedusingfor its regulatoryapplications.Forsim-
plicity and in the interestof brevity, the term “reactivity” is used to
denotethe MIR, unlessstatedotherwise. Moreover, reactivity is ex-
pressedin avariety of ways. The specific reactivity, derivedfrom box
modeling, is the reactivity normalizedto the changeof massof VOC
emissionsandhasunitsof gramsof ozoneformedpergramschangeof
VOC emittedor gramsof ozoneper gramschangeof VOC. The total
reactivity is obtainedby multiplying the specific reactivityby the mass
of VOC emissionsper mile driven andhasunits of gramsof ozoneper
mile. The relative reactivity is a unitlessquantitywhich is derivedby
dividing the (specific or total) reactivity of a compoundor class of
compoundsby the (specificor total) reactivity of somereferenceVOC,
standardVOC, orVOC mixture. Sometimesthe term absolutereactivity
is usedin this report to denoteeither the specificor total reactivity as a
way of distinguishingthemfrom the relative reactivity. Eachof these
termsis listed in Table3-9.

Thereare a numberof limitations to the reactivityapproachthat
should he bornein mind. Becausetheozone-formingpotentialof VOCs
canvary from locale to locale, it shouldnot, in principle,be uniformly
appliedto the entirenation,exceptto facilitate regulatoryapplication.
Ideally, its useasa certificationtool on a nationwidebasiswould allow
for regionally-specificapplicationsand,potentially,the developmentof
regionally-tailoredcontrol strategies.Assessingthe economicviability
of implementingregionally-specificrules for certifying RFGsis beyond
the scopeof this report.

In its current stateof development,a limitation of the useof a
reactivityapproachbeyondfull certificationis thatit only considersthe
ozone-formingpotential of VOCs andCO. Thus it is of less usefor

TABLE 3-9 Terms Used in the Report to Denote Reactivity’

Term Definition Units

Specific reactivity Reactivity (as MIR) normalized to the
change in mass of VOC emissions

g 0~gchange
VOC

Total reactivity Product of specific reactivity (as MIR) and
the mass of VOC emissions per mile driven

g Odmile

Absolute reactivity Either the specific or total reactivity g OJg change
VOC or g
03./mile

Relative reactivity

-

.

Ratio of the specific or total reactivity (as
MIR) of a compound orclass of compounds
to that of some reference or standard VOC
or VOC mixture

Unitless

‘In this report, the term reactivity isused to denote the maximum increniental
reactivity (MIR). MIR reflects the ozone-forming potential of VOCs under conditions
that are most sensitive to these VOCs.

developingVOC-basedcontrol strategiesin areaswhereonly NO~emis-
sion controlsare needed. The reactivity approachis also of limited

utility in assessingthe impactsof control strategiesthat increase(de-
crease)VOCs emissions,while decreasing(increasing)NO~emissions.
As it turnsout, this might occurin the caseof motor-vehicleemissions
usingspecific typesof RFG blends.

It is alsoimportantto notethatthedeterminationof reactivitiesfor
VOCs is a computationalprocessthat requiresthe applicationof a nu-
mericalmodel. The typesof modelsthat canbe usedfor this purpose
rangefrom rathersimplistic trajectoryor box modelsto very complex,
three-dimensionalgrid-basedor Eulerianmodels. All of thosemodels

rely on achemicalmechanismfor simulatingtheozone-formingprocess,
and a variety of algorithmsfor representingthis chemistry havebeen
adopted. Although differencesbetweenmodel results do occur (for
example,in thecaseof the reactivitiesof thearomatics),in general,the
relative reactivity of VOCs derived from different modelsand models
usingdifferentchemicalmechanismstendto be reasonablyconsistent.
For this reason,it is believedthatthe uncertainties(orpotentialerrors)
in reactivitiescan be minimized by focusingon relativeasopposedto
absolutereactivities.
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In general,the 2-a (or 95% confidencelevel) uncertaintyin the
relativereactivitiesin mostof ubiquitousVOCs (that havebeenstudied
extensively)is about20-40%. The relativereactivityof acompositeset
of VOCsarisingfrom a singlesource,suchasmotorvehicles,tendsto be
somewhatsmaller(i.e., about15-30%). Muchof theuncertaintyin this
latercasearisesfrom potentialerrors in definingthe speciationof the
emissionsas opposedto those associatedwith the chemistryof the
species.Forthisreason,theuseofrelativereactivitytoassesstheozone- Motor Vehicles As a Source of
forming potential of differentsourcesis bestsuitedto situanonswhere
the reactivityof the emissions is quitedifferent. As will becomeapparent Ozone P rec LI rsors

- in laterchapters,thistendsto not be thecasefor emissions from motor -

vehiclesusingslightly differentRFGs. Thatwilt, in turn, limit theability
to usereactivity to distinguishrobustlybetweenthe air-qualitybenefits
of variousRFG blends.

THE PRIMARY REGULATEDemissionsfrom gasoline-fueledautomobilesand
I trucks—volatileorganiccompounds(VOCs),nitrogenoxides(NOr),and

carbonmonoxide(CO)—all contributeto the formationof ground-level
ozone.Moreover,thesemobile sourcesdistributeozoneprecursorsmore
broadly thanstationarysources. This chapterreviews motor-vehicle
emissionsfrom light-duty vehicles(LDV5) and,in particular,thosevehi-

cles fueled by gasoline(LDGVs). It focuseson the regulationof these
emissionsandthe historicaleffecttheyappearto havehadon emission
inventoriesandair-quality trends. Deviationsof actualemissionsfrom
levelssetbyregulatoryintent to controlthemandtheprobablereasons
for suchdeviationsarethenreviewed.

LIGHT-DUTY VEHICULAR EMISSIONS BY
- SOURCES AND REGULATION

Vehicular-Emissions Sources

Gasotine-fuetedautomobiles-andtight trucks(which includecertainvans
andsportutility vehicles)areimportantsourcesof VOCs, NOR, andCO.
VOCsthatarisefrom enginecombustionexhaustinclude manydifferent

73
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species,someof which were not presentin the original fuel but were
createdin the combustionreactionandleavethetailpipewithoutbeing
fully oxidized. EvaporativeVOC emissions,on the otherhand, result
from vaporescapingthefuelstorageandtransfersystem,aswell as from
fuel leakage,andare thus independentof combustion. NO~and CO
emissionsaregeneratedduring thecombustionprocessand theseonly
occur in theexhaust.

Tailpipe emissionsof VOCs, CO, andNO~are measuredfor emis-
sionscertificationby meansof theFederalTestProcedure(FTP),during
which a test vehicle is driven on a chassisdynamometerover a pre-
scribeddriving schedule.The car is first stored with the engine off
(“soaked”) atroomtemperatureforatleast12 hr..Thenit isstartedwith
acold engine,run overan 18-cycleurban-likedriving pattern,stopped
for a 10-mm hot soak,restarted,and rerunover thefirst 5 of those18
cycles.This 18-cycledriving pattern,knownasthe LA-4 schedule,was
developedin the late 1960sto representa commuteto work in the
typical Los Angelestraffic of the time. Following someminormodifica-
tion, it becamethe basisof the federal U.S. EnvironmentalProtectiqn
Agency(EPA)-mandatedcertificationtestingprocedureforLDV5 in 1975
(andis thereforealsocalledtheFTP75).

As illustrated in Figure4.1, the entire LA-4 schedulecovers7.45
miles (mi) at an averagespeedof 19.6 miles per hour (mph). After
addingthe S repeatcyclesfollowing the hot soak,the entireFTP urban
driving schedulecovers11.1 miles of driving in 31 mm, excludingthe
10-mm hot soak.

During the FTP, tailpipeexhaustis collectedin threebags:the so-
called cold bagfor the first S cyclesof driving, the stabilizedbag forthe
next 13, and thehot bagfor the 5 repeatcyclesfollowing the hot.soak.
For regulatorypurposes,themeasuredmassemissionsfrom eachbagare
substitutedin a prescribedequationto determinethe emissionrateper
unit-of travel (in this case,gramspermile) of eachregulatedemission.

Evaporativeemissions,includingthoseresultingfrom leaksof liquid
fuel, are measuredseparatelyusing a variable-temperatureSHED
(sealed-housing-for-evaporative.determination)facility; i.e., an instru-
mentedtemperature-controlledroom in whichthetestvehicleis housed.
Thefuel systemof eachcar includesan evaporativecanistercontaining
a bed of activatedcarbonparticlesthatadsorbmostof the fuel vapor
thatmight otherwiseescapeto the environment.The canisteris con-
nectedto both the fuel-tankheadspaceandtheengineintake. During

Time (seconds) -

FIGURE 4—I The Federal Test Procedure urban driving schedule covers 11.1 miles of
driving in 31 mm, excluding the 10-mm hot soak. Source: Adapted from Davis
1998.

normalengineoperation,storedVOC vaporis purgedfrom thecanister,
drawn into the engine by intake-manifoldvacuum,andconsumedin
combustion.However,the systemis not 100%effective. Escaperoutes
for evaporativegasesincludetheengineintakeandventsin thefuel tank
as well as the canisteritself.

Evaporativeemissions,includingthoseresultingfrom leaksofliquid
fuel,canbeclassifiedinto five categories:diurnal,hot soak,runningloss,
restingtoss,andrefuelingloss.’ Thecharacteristicsandcausesfor each
of theseemissionsaredescribedbriefly below. Originally, only diurnal
evaporativeemissionswere regulated.In more recentyears,hot-soak
emissionswereaddedto the diurnal emissionsfor regulatorypurposes,
with a separatelimit being placed on the running loss. The first
refueling-lossstandardbeganwitha3-yearphase-inperiodon passenger
carsin 1998. Theseemissionsarecontrolledby an on-boardrefueling
vaporcanister.

Diurnal emissionsoccur becausethe fuel tank of a parkedcar
“inhales”air atnightasthetankcools,then“exhales”amixtureof air and
fuel vaporduring the dayas tanktemperaturerises.Diurnal emissions

‘In addition to evaporativeemissions,non-combustionemissionsfrom
motorvehicles can arisefrom drippingandleakingof fuel. The tenu“nonex-
haustemissions”is usedto denotethe total of evaporativeemissionsand the
emissions that arisefrom fuel leakage.
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tendto increaselinearlywith availabletankheadspace,andarealsovery
sensitiveto tanktemperaturesandfuel volatility.

Hot-soakemissionsoccurafter vehicle operationhasbeentermi-
nated.Theseemissionsaremeasuredovera 1-hrperiodafterthevehicle
hascompleteda prescribeddriving schedule. Hot-soakemissionsfrom
agivenvehicledependon thepreviousdriving schedule,ambientcondi-
tions, and fuel volatility.

Running-lossemissionsoccurasthetankisheatedduringvehicular
operationandcanresultfrom the following:

• Inefficiencyof the in-tank fuel pumpandmotor.
• Recirculationto the tank (in somevehicles) of excessfuel

suppliedto theportfuel injectors.
• External heatfrom the nearbyexhaustsystem.
• External heat from the air flowing under the car from the

enginecompartment.

Vaporgeneratedduringvehicleoperationis directedto thecanisterfor
transferto theengine,whereit is consumed.The line from thecanister
to theenginecontainsa valve thatregulatesthatpurgeflow. However,
when the quantityof vapor, thusgenerated,exceedsthe ability of the
engineto consumeit andthe canisterhasreachedits storagecapacity,
the excessvapor escapesthrough the canisterventas “breakthrough”
emissionsandconstitutestherunningloss.Thus running-lossemissions
dependon thedriving schedule,ambientconditions,fuel volatility, type
of vehicle, andconditionof thecontrol system.

Resting-lossemissionsinclude escapeof fuel vapor by meansof
permeationof nonmetalliccomponentsof the fuel systemwhile the
vehicleis inoperative.Resting-lossemissionsdependon fuel characteris-
tics anddesignfeaturesof the fuel system.

Refuelingemissionsconsistof the fuel vapordisplacedfrom the
tank headspaceby the new liquid fuel being pumpedinto the tank.
Typically, thesevaporsarestoredin thesamecanisterusedto controlthe
other categoriesof evaporativeemissions.Refuelingemissionsoccur
whenthesevapors escape,anddependon the volume of fuel pumped
andon therespectivetemperaturesandcoThpositionsof thefuel remain-
ing in the tankand the pumpedfuel.

Control Standards forThese Sources

Sincetheir inception,emissionsstandardshavebeenprogressivelytight-
ened.Thetrendtowardgreaterstringencyin tailpipe anddiurnalevapo-
rative controls through 1993 is tabulatedseparatelyfor federal and

California standardsin Table 4-1. Thesestandardswereto be satisfied
through50,000 miles of driving; consequently,to ensurecompliance,
manufacturerscalibratednew car emissionslevels to be substantially
belowthe specified50,000-milelevel.

Standardsin effect from 1993 onward are listed in Table 4-2.
Standardsare definedfor both 50,000-and100,000-milecompliance.
The standardsfor high mileageaccrualareintendedto precludeexces-
siveemissions asaccumulatedservicesurpasses50,000miles.As shown,
Californiahasdefinedafamily of low-emissionsvehicles:thetransitional
low-emissionsvehicle(TLEV), thelow-emissionsvehicle (LEV), andthe
ultra-low-emissionsvehicle (ULEV). Not shownis the zero-emissions
vehicle (ZEV), which hasno tailpipe emissions.The only vehicle cur-
rentlyqualifying asaZEV is adedicatedelectriccaror light truck. (How-
ever,evenin this case,useof the vehicle doesin fact result in ozone
precursoremissionswheneverfossil fuels are burnedto generatethe
electricityrequiredfor batterycharging.)California allowsmanufactur-
ersto mix conventionalvehiclesandmembersof thelow-emissionsfain-
ily, within certainconstraints,in a mannerthat forcesa gradualreduc-
tion in fleet-averageemissionsin successiveyears.

At 50,000 miles, the federalTier I standardsnow in place entail
reductionsin combinedtailpipe and crankcaseemissions, from the
averageprecontrolcar, of 98%,96%,and90%for NMHC, CO, andNOR,
respectively.For the California ULEV, thesereductionsincrease,respec-
tively, to 99+%, 98%, and95%.

Majormanufacturershavevolunteeredtobuild carstonationallow-
emissionsvelucle (NLEV) specificationshaving NMHC, CO and NO~
standardsequalto thoseof theCalifornia LEV in Table4-2, makingthem
availablein the Northeastin 1999 andnationwidein 2001. The 70%
reductionin tailpipe NMHC and the 50% reductionin NO~with the
NLEV, comparedwith Tier 1 vehicles,pursueanationalimprovementin
air qualityearlier thanhadbeenanticipatedby regulatoryschedules.In
addition,manufacturersaremovingvoluntarily to producelight trucks



TABLE 4-1 Emissions Standards for Automobiles (allowable emission levels up through 50000 miles of driving)
Federal California

NC CO NO, PM~ Evap NC NMHC’ CO NO, PMb Evap IICHO’

Model year (g/mi) (g/mi) (g/mi) (g/test) (g/mi} (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/test) (g/mi)

Pre-control
147

b 84.0 4.1 47
147

b 84.0 4.1 47
1966 6.3 51.0 (6.0)’

1968 6.3 51.0 (6.0)’ 6.3 51.0

1970 4.1 34.0 4.1 34.0 6

1971 4.1 34.0 4.1 34.0 4.0 6

1972 3.0 28.0 2.9 34.0 3.0 2

1973 3.0 28.0 3.0 2.9 34.0 3.0 2

1974 3.0 28.0 3.0 2.9 34.0 2.0 2

1975 1.5 15.0 3.Id 2 0.9 9.0 2.0 2

1977 1.5 15.0 2.0 2 0.41 9.0 1.5 2

1978 1.5 15.0 2.0
6

d 0.41 9.0 1.5 6d

1980 0.41 7.0 2.0 6 0.39 9.0 1.0 2

1981 0.41 3.4 1.0 2 0.39 7.0 0.7 2

1982 0.41 3.4 1.0 0.60 2 0.39 7.0 0.7 2

1983 0.41 3.4 1.0 0.60 2 0.39 7.0 0.4 2

1984 0.41 3.4 1.0 0.60 2 0.39 7.0 0.4 0.60 2

1985 0.41 3.4 1.0 0.60 2 0.39 7.0 0.4 0.40 2

1986 0.41 3.4 1.0 0.60 2 0.39 7.0 0.4 0.20 2

1987 0.41 3.4 1.0 0.20 2 0.39 7.0 0.4 0.20 2

1989 0.41 3.4 1.0 0.20 2 0.39 7.0 0.4 0.08 2

1993 0.41 3.4 1.0 0.20 2 0.39 7.0 0.4 0.08 2 0.015
apa~iculatematter, applicable to diesel cars only; NMHC = nonmethane hydrocarbons; HCHO = formaldehyde.
blncludes 4.1 g/mi of crankcase emissions fully controlled by 1966.

‘Uncontrolled NO, increased as NC and NO, standards were implemented.
dChange in test procedure.

NOTE: Empty cells indicate no standards in place for those years.
Source: Adapted from Calved et al. 1993.

to
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andvans,ratedabovethemaximumweightrangecoveredby thefederal
standardsof Table4-2, in a mannerthatwill enablethesevehiclesto be
certifiedto themorestringentpassenger-carstandards.Thisshouldhave
a substantialair-qualitybenefitbecausetheseheaviervehiclesaccounted
for nearlyhalf of new-vehiclesalesto the generalpublic in 1998.

MAGNITUDES AND TRENDS OF LIGHT-DUTY
VEHICULAR EMISSIONS

To gaugethe potentialair-qualitybenefitfrom the useof reformulated
gasolines,in general,andspecificoxygenateswithin thesegasolines,it
is usefulto reviewthe magnitudesand trendsin the emissionsof VOC,
CO, andNO~from motorvehiclesandothersourcesThe55-yeartrends
illustrated in Figures4-2, 4-3, and4-4 for VOC, NO,, and CO, respec-

TABLE 4-2 Automobile Emissions Standards, Tier I and Beyond (standards for
50,000milesor 5 years (100,000milesor 10 years))

Federal

NMHC NMOG’
(g/mi) (g/mi)

CO
(g/mi)

NO,
(g/mi)

HCHO
(g/mi)

Tier 1(1994) 0.25
(0.31)

3.4
(4.2)

0.4
(0.6)

Tier 11(2003) (0.125)

California

(1.7) (0.2)

Conventional vehicles (
1993

)b 0.25
(0.31)

3.4
(4.2)

0.4
(0.6)

0.015
(0.018)

TLEVs (starting in 1994)” 0.125
(0.156)

3.4
(4.2)

0.2
(0.3)

0.015
(0.018)

LEVs (starting in 1997)” 0.075
(0.09)

3.4
(4.2)

0.2
(0.3)

0.015
(0.018)

ULEVS (starting in
1997

)b 0.008
(0.011)

0.04 1.7 0.2
(0.055) (2.1) (0.3)

‘NMOG = nonmethane organic gases (NMHC + oxygenated HC).
“Measured NMOG adlusted for reactivity, relative to conventional gasoline.
Source: Adapted from Calvert et al. 1993.
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tively, arebasedon inventoryestimatescompiledby EPA. In viewing
theseinventories,it shouldbenotedthatlargeuncertaintiesaretypically
associatedwith emissioninventories,especiallythosearisingfrom motor
vehicles. Historically, it hasbeenfound that thecontributionof emis-
sionsfrom mobilesourceshadbeenunderestimated,andeachtime new
information anddatabecameavailable,theseemissionshad to be re-
vised upward(NRC 1991). Moreover, the accuracyof contemporary
mobile sourceemissioninventoriesremainsthe subjectof somedebate
(Sawyeret al. 1998).

FromFigure4-2, it canheseenthat thecontributionto anthropogenic
VOCs from highwayvehiclesappearsto havepeakedaround 1970.By
1995, this sharehad declinedto 28% of the anthropogenictotal, by
which time industrialprocesseswere estimatedto accountfor 47% of

FIGURE 4-2 Estimated trends in VOC emissions from various types of sources in the
United States. Emissions are presented in units of teragrams (Tg). 1 Tglo6metric
tons. The contribution from ‘Highway Vehicles” includes LDVs, theautomobiles and
light trucks that are the subject of this study, and heavy-duty vehicles (HEWs), larger
trucks and buses. Source: Adapted from Davis 1997.

0
1940 1950 1960 1970 1960 1990 2000

YEAR



r

82 OZONE-FORM/Nc POTENT/AL OF REFORMULA TED GASOLINE

anthropogenicVOCs. Theremainderwasattributableprimarilyto waste
disposalandrecycling(5%),off-highwayvehicles(12%),andstationary
fuel combustion(5%).

In the caseof NO, emissions, Figure 4-3 indicatesthat highway
vehiclesaccountedfor about 31% of all anthropogenicNO, in 1995.
Approximately70%of thiscamefrom LDVs, whicharepoweredprimar-
ily by gasolineengines,with the balanceproducedby HDVs,which are
primarily diesel-powered.In 1995,stationarycombustionaccountedfor
45% of anthropogenicNO,, 20% camefrom nonhighwayvehicles,3%
was attributable to industrial processes,and the balancecamefrom
miscellaneoussources.

Figure 4-4 indicates that highway vehicles have long dominated
nationalCO sources.In 1995,theywereresponsiblefor 60% of the CO
total. Adding in off-highway(off-road)transportationsources,theentire
transportation sectorwas responsiblefor about80% of thenationalCO
emissions that year.
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FIGURE 4-3 Estimated trends in NOx emissions from various typesof sources in the
United States. Emissions are presented in units of teragrarns (Tg). 1 Tg = io~
metric tons. The contribution from “Highway Vehicles” includes LDVs, the automo-
biles and light trucks that are the subject of this study, and heavy-duty vehicles
(l-IDVs), larger trucks and buses. Source: Adapted from Davis 1997.
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FIGuRE 4~4Estimated trends in carbon monoxide (CO) emissions from various types
of sources in the United States. Emissions are presented in units of teragrams (Tg).
1 Tg = io6 metric tons. The contribution from “Highway Vehicles” includes LDVs,
the automobiles and light trucks that are the subject of this study, and heavy-duty
vehicles (l-IDVs), larger trucks and buses. Source: Adapted from Davis 1997.

Comparisonof the national inventoryestimateswith inventory esti-
matesfor California developedby the California Air ResourcesBoard
(CARB) revealssomesubstantialdifferences. For example, GARB esti-
mates.that,in 1995,25%of its statewideemissionsof VOC (total organic
gas emissions),44% of its reactiveorganicgas (ROG) emissions,and
60% of its NO, emissions were from . on-road vehicles (http://
www.arb.ca.gov/ceidars/emssumcat.submitjorm).(VOCsincludenon-
reactiveorganiccompoundsthatarenot includedwithin the ROG cate-
gory andhenceemissionsof VOCs are greaterthanthoseof ROGs.) In
contrast,thefederalinventory for 1995 ascribes28%of VOC emissions
and31% of NO,emissionsto on-roadvehicles(Davis 1998). The differ-
encesin theon-road-vehiclecontribution(especiallyforNO,) in thetwo
inventoriesare most likely indicative of the uniquecharacteristicsof
Californiaascomparedto therestof thenation. However,thepossibility
that theyalso arise,at leastin part, from inaccuraciesin oneor both
inventoriescannotbe ruled out.
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Giventhehistoricaltrendsin ozoneprecursoremissions, it is interest-
ing alsoto reviewwhat the correspondingachievementshavebeenin
ozone reduction.Nationalair qualityandemissionshavebeenreviewed
for the period from 1986 to 1995 (EPA 1996a). In Figure 4-SA, the
arithmeticmeanozone concentrationfrom 573 measuringsites(normal-
ized usingthemeanfor 1986) is plottedversus year.This trendis com-
paredwith the normalizedtrendsin nationalemissionsof VOCs, NO,,
andCO overthesameperiodin Figures4-5B, 4-SC, and4-SD, respec-
tively. The substantialyear-to-yearvariability in theozonetracereflects
annualvariationsin meteorology.Forexample,before1996, 1988 was
thethird hottestyearof thecentury,andtemperatureswerealsohigh in
1995.Becausehigh ambienttemperatureis conduciveto ozone forma-
tion, it is not surprising that ozone levels were,on average,higher in
those years. EPAendeavoredto correcttheseannualdatafor variations
in meteorologyandconcludedthataverageozoneis decreasingabout
1% per year. Additional discussionof variability in ozone trendsis
containedin Chapter6 of this report. Overthe sameperiod,national
anthropogenicemissionsof VOCs, NO,, and CO areestimatedto have
decreasedby about 9%, 2% and 16%, respectively,with emissions
attributedto on-roadvehiclesdecreasingby about31%,2%, and20%,
respectively.Overthissameperiod,vehiclemilestraveled(VMT) by on-
roadvehicles increased32%,so thatthe actual reductionsin vehicular
emissions of all precursorsin units of g/mi were quite substantial(as
would be expectedfrom the datain Table4-1).

Relating thenational trendin ozoneto the trendsin precursoremis-
sionsis problematicbecauseof suchimportantinfluencesas variations
in precursorreactivity, nonuniformityin thegeographicaldistributionof
precursors,and meteorologicaleffects. Nevertheless,the dataclearly
reflect improvementin air qualityover the decadethatis likely attribut-
able at leastin part to: (1) the adventof more stringentstandardsfor
vehiclesthatgraduallyreplaceold vehiclesbuilt to morelenientemis-
sionsstandardsthan current models; (2) maturationof new-vehicle
emissionscontrol hardwareand softwareas field experienceaccumu-
lated; and (3) recentimprovementsin gasolineproperties. The air-
quality improvementis reporteddespitethe increasein VMT, andan
increasingpreferenceamongconsumersfor light trucksandvansthat
emit moreprecursors..

It is alsoapparentthatduringthisperiod, thecontributionof LDVs to
ground-levelozonepollution hasdecreasedsubstantially.Accordingto
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EPA, the contributionof on-roadvehiclestoVOC andNO,emissions has
decreasedby about30%and3%, respectively. Oneconsequence of this
decreasingcontribution is that ozonemitigation strategiesbasedon
further reductionsin motor-vehicleemissionssuchas that of the refor-
mulatedgasolineprogramsmustnecessarilyalsohavea reducedpoten-
tial to improve air quality. For example, if ozoneconcentrationsre-
spondedlinearly to a reductionin VOC concentrations,a reductionof
20% in VOC emissionsfrom a reformulatedgasolineprogram might
decreaseozoneby only about6%, given thaton-roadvehiclesarecur-
rently responsiblefor about 30% of the total emissions. Even if the
contributionof VOC emissionshasbeenunderestimatedby a factorof 2,
theozonereductionwould only bea little morethan10%. In reality, the
ozone reductionwould be significantly smaller since the responseof
ozoneconcentrationsto VOC reductionsaregenerallylessthanlinear.
As discussedinmoredetail in Chapter6, this shrinkingcontributionto
ozone precursorsfrom gasoline-poweredmotor vehiclesmakesit very
difficult to discerntheimpactof reformulatedgasolineonambientozone
concentrations, let alone distinguishbetweenthe effects of different
reformulatedgasolineblends.This,however,shouldnot beinterpreted
to meanthatemissionscontrolson LDVs arenot important.Clearlythey
are; it is just thatdiscerningincrementalbenefitsbecomesincreasingly
difficult as the relativecontributionof LDV emissionsdecreases.

It is alsorelevantto notethat the contributionfrom motoi vehicles
mightvery likely continueto shrink. Forexample,Figure4-6illustrates
the estimatedandprojectedemissionsfor VOCs (shownasTOGs) and
NO, in Los Angeles,NewYork, andthe Chicago-Milwaukeeregion for
1988, 2000,and2010 by the Auto/Oil study (AQIRP 1997a). In these
projections, useof conventionalgasoline(representinga 1988 national
averagecomposition)wasassumed for the base yearanduseof various
reformulatedgasolineblendswere assumedfor future years.“Other
manmade”sourcesincludediversesourcessuchaspowerlawn mowers,
earth-movingequipment,surfacecoatings,andsolventsandcookingand
baking activities. Substantialreductionsin LDV emissionswere pro-
jected for eachcity. Fromthe baseyearto 2010,decreasesin the LDV
emissionswereestimatedto be from 74%to 92% for VOCs and54% to
69% for NO,, dependingon the city. At the time when this modeling
wasperformed,the largereductionestimatedfor LDV emissionsantici-
patedbenefitsfromreplacementof oldervehicles,lower vehicleemission
standards,on-boarddiagnostics,reducedgasolinevaporpressure,refor-
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mulated gasoline,and more stringent inspectionsand maintenance
programs. CARE hasalso projectedlargereductionsin emissionsfrom
on-road mobile sources(which include HDV5). For example, these
sourcesare expectedto lower their shareof statewideROG emissions
from 44% in 1995 to 18% in 2010 (http://www.arb.ca.gov/emisinv/
emsmain/emsmain.htm).If thoseprojectionsturn out to be accurate,
the probableimpactfrom subtlechangesin RFG blendswill be further
reduced.However,it shouldbe notedin this regardthatprojectionsof
future mobile sourceemissionsdependupon assumptionsconcerning
trendsin technology,economics,andhumanbehaviorand,asa result,
arehighly uncertain.

INFLUENCE OF DRIVING PA1TERNS ON
EMISSIONS VARIABILITY

As discussedabove,regulationof LDV exhaustemissionsis basedon the
FTPwhich is, in turn, built aroundthe LA-4 driving schedule.Thereis,
however,growing concern that this driving scheduleis not able to
characterizeaccuratelyemissions from LDVs under normal driving
conditions(Darlington et al. 1992; Kelly and Groblicki 1992). Three
potentially importantsourcesof error are discussed below: off-cycle
transientevents,underrepresentedevents,and variable events.

Off-Cycle Transient Events

Whenthe LA-4 driving schedulewas first devised,the ability of existing
chassisdynamometersto accommodatehighvehicularaccelerationswas
limited. Consequently,accelerationson the schedulewere arbitrarily
restrictedto a maximumof 3.3 mph/sec. However,data from instru-
mentedcars in typical traffic haveshownpeakaccelerationsashigh as
15 mph/secat20mph,with somewhatlower ratesat higherspeedshut
all in excessof 3.3 mph/sec(Rossetal. 1995). Thisraisesthepossibil-
ity that the FTP missesimportantaspectsof typical driving that could
result in undetected,increasedoff-cycleemissionsofVOCs,CO. andNO,
(seeText Box 4-1). On theother hand,analysisof in-usesurveydata
indicates that driving at an air-to-fuel ratio of 12% richer than
stoichiometricoccursonlyabout1%to 2%ofthetime (Rossetal. 1995),
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TEXT Box 4-1 Power Enrichment CanAffect Exhaust Emissions

Warmed-up, conventional gasoline engines are now calibrated to operate
under most circumstances at or very near the stoichiometric air-to-fuel ratio
to accommodate the three-way catalytic converter. At this ratio (about
14.7:1 for gasoline), a fuel is combusted nearlycompletely with almost no
air appearing unutilized In the combustion products. However, as the
throttle is gradually opened to provide more than about 75% of the
maximum power available at any given speed, the mixture is gradually
enriched from the stoichiometric to a lower air-to-fuel ratio for a number of
reasons. First, theoretically, the engine Is capable of producing about 5%
more power when the mixture Is enriched about 10% beyond the
stoichiometric ratio. As vehicular performance potential Is determined by
maximum power, this degree of enrichment allows about a 5% reduction in
piston displacement for the same performance potential, making it possible
to meet performance criteria with a smaller engine with better fuel
economy. Second, for a given air-to-fuel ratio, the exhaust gas temperature
is highest at full throttle. When the average full-throttle mixture is set at the
•stoichiometric ratio, there is always a small amount of oxygen in the
exhaust stream, ideal chemistry notwithstanding. Should one cylinder
experience an instance of poor combustion, raw fuel, oxygen, and a high
exhaust temperature can co-exist in the catalytic converter. This invites a
significant upward excursion In catalyst temperature that can hasten
deterioration, and, in severe cases, even lead to destruction of the catalyst.
To prevent this from occurring, the mixture is enriched, Third, to suppress
combustion knock (see Chapter 5), some engines arecalibrated even richer
than the maximum-power ratio at full throttle. This allows use of a higher
compression ratio for better fueleconomy at part load, at which the engine
operates most of the time

With respect to emissions, as an engine approaches full throttle, power
enrichment significantly decreases engine-out NO,. However, vehicular
tests have shown that the catalytib converter can pass an increasing
fraction of this raw NO, as the mixture Is enriched (Ross et at. 1995), This
catalyst behavior might be the result of insufficient exhaust residence time
in the converter at high engine-flow rates. Power enrichment at high loads

•also substantially increases engine-cut CO and VOCs just as the rich
mixture Is depriving the catalytic converter of enough o~,gento destroy
those emissions.
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suggesting thatpowerenrichmentmightnot makea majorcontribution
to LDV emissionsresultingfrom typical driving. Nevertheless,theClean
Air Act Amendmentsof 1990directedEPAto devisea SupplementalFTP
(SFTP)to assesssomeof thereal-worldemissionsnot properlyaddressed
in the LA-4 schedule. It is intendedto adda more aggressivedriving
pattern,achangemadepossibleby improvementsto chassisdynamorne-
terssincethe 1960s.

As definedby the EPArule of October1996 (EPA 1996b),beginning
withvehicularcertificationsfor modelyear2000 (MY2000) andphasing
to 100% application for MY2002 (MY2004 for larger light trucks),
driving scheduleUSO6, illustratedinFigure4-7,will berunimmediately
following the current FTP to contribute exhaustto a fourth collection
bag. Emissionsfrom this bagwill beweightedin a calculationtogether
with those from the first three to arrive at the exhaustcertification
emissionrate (gramsper mile). An improved correctiontest for air-
conditioningtoad,called the SCO3, will alsobe conducted.The SFTP is
expectedto lead to more realistic control of emissionsin real-world
driving.

linderrepresented Events

The warm-up time for emissions-controlcomponents,especiallyfor
catalysts,variesacrossmakesand modelsof vehicles. Becausethose
componentsdonot operateatpeakefficiencyduringwarm-up,emissions
can be unusuallyhigh for a brief period every time a vehicle is cold-
startedor restarted.Other factorsremainingequal,the magnitudeand
durationof thisexcursionin agivenvehicledependon ambienttempera-
ture and the lengthof time the enginehasbeenshutdown. Multipur-
pose,chainedtrips involving at leastoneintermediatestopof 15 mm or
less,such as from hometo a seriesof retail establishments,to school,
andto a final destination,arenowrecognizedas becomingincreasingly
common, accountingfor perhapsas many as half of the total trips
(FHWA 1997). For this reason,the extraemissionsassociatedwith a
chainof shorttrips area growingconcern.

The currentFTP includesonecoldstartand,after a 10-mm soakwith
the engine off, onehot restart over 11.1 miles. It doesnot directly
incorporateanyhot soaks,butthosesoakscanbeanimportantcontribu.
•tor to totalemissionsin chaindriving. Forregulatorypurposes,hot-soak
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FIGuRE 4-7 Driving schedule USO6 test procedure to be used immediately after the
Federal Test Procedure to contribute exhaust to a fourth collection bag. Source:
EPA 1996b.

emissionsarecurrentlymeasuredseparatelyaspartof SHED testing(for
which the standardis basedon a maximumtotal massof evaporative
VOCs) andthus arenot integratedwith tailpipe emissions. Hot soaks
andotherimportantaspectsof moderndriving practicesmightcurrently
be misrepresentedin the overall certificationprocedure.

Othersourcesof evaporativeemissionsareaffectedby in-usedriving
activities. The major sourceof unburnedhydrocarbonsin the fuel
storageandsupplysystemof afuel-injectedvehicleis the fuel-tankvapor
space. The rate at which tankvaporsarecollectedand purgedby the
evaporativeemissions-controlcanister(as part of the running losses)
tendsto be a functionof bothdriving patternandengine-ontime. For
example,high purgeratesaregenerallyassociatedwith high constant-
speeddriving;whereaslowratestendto accompanylower-speeddriving
with more frequentstops(Kishanet at. 1993),

A departurefrom FTP conditionsthat occursin real driving is the
existenceof highwayslopes,or grades.A US.Departmentof Transpor-
tation surveyconcludedthat 10% of nationwidedriving occurredup
gradesof 0.5% to 1.0%, 12% up 1% to 3% grades,7% up 3% to S%
grades,and3% up gradesof over 5% (EPA 1980). Driving uphill in-
creasesthe powerrequirementof thevehicleby anamountproportional
to thegradeandthespeedofthevehicle. Dependingon enginedisplace-
mentandcalibration,theneedfor extrapowercanleadto fuel enrich-
ment. In general,thelower thepower-to-weightratioof thevehicle,the
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morelikely it is to encounterpowerenrichmenton upgrades.It is im-
properto focusexclusivelyon the increasedemissionsthataccompany
increasedfuel flow whentravelinguphill. A vehicledrivenuphill must
eventuallytraveldownhill. Althoughthemassemissionsmaybelowered
as the fuel flow is decreasedon a downgrade,the extraemissionsthat
wereproducedon theupgradearenot exactlycanceledby anequivalent
reductionin emissionson thedowngrade.

Variable Events

A factorof growingsignificancethataffectsemissionsis increasingurban
traffic congestion. Duringpeakhours in somecities, expresswaysbuilt
for highspeedresembleparkinglotsfull of vehicleswith all their engines
idling. Becauseof the low fuel rateduring idling, it hasbeenconcluded
thatexcessemissionsfrom idling dueto traffic congestionarerelatively
low in a properly functioningvehicle (Rosset al. 1995). On the other
hand,thephenomenonfrequentlyobservedon urbanfreewaysof alter-
natingbetweenhard accelerationas congestiondiminishesandbraking
to a stopat the backof a queueresultsin morefuel consumptionand
emissionsthan if the samedistancewere coveredata constantspeed.
Improved traffic managementschemes,including variable message
signingand increasedhighwayautomation,areexpectedeventuallyto
improvethis situationby smoothingtraffic flow, but theimplementation
of suchsystemswill be gradual. Meanwhile, the differencesin power
demandandthe randomdistributionof individualvehiclesoperatingin
these“sawtooth”driving conditionsrenderestimationof theiraggregate
emissionsvery uncertain.

Irrespectiveof the habitsof individual drivers, highway conditions
collectivelygiveriseto importantdeparturesfrom drivingnorms. Recur-
rent congestionresultsin trips of longer durationand, concomitantly,
moreaggregateengine-ontimethanwouldbethecasein the absenceof
excessivetraffic. This in turn can lead,for example,to higher fuel-tank
heating, with increasesin the temperatureof the fuel itself. Eveti in
properlyfunctioningvehicles,this mightcontributeto high running-loss
emissions(Kishanetal. 1993). In late-modelvehicles,thetank-heating
problemis beingaddressedby eliminatingthe practiceof recirculating
hot, unusedfuel from theinjectorsbackto the tank.

Anothervariableenvironmentalfactoraffectingpowerrequirementis
wind.The powerexpendedin overcomingaerodynamicdrag increases
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as thecubeof wind speedrelativeto the vehicle. A cardriving 20 mph
into a 20-mph headwind encounters8 timesthe aerodynamicdragof
thatsamecardriving 20 mphin still air. As with grades,however,there
is somewhat of a compensatingeffectwhenthatsamecarhasa 20-mph
tail wind. In most urbandriving, vehicularspeedis low enoughthatthe
effect of wind on demandfor totalvehicularpower, henceon fuel con-
sumptionandemissions,is muchless thanwould bethecasein highway
driving.

Evenin the absenceof wind, the aerodynamicefficiencyandperfor-
manceof a vehiclecan be negativelyaffectedby loadssuchasa rooftop
carrier,which addsdragas well asmass. Pulling a trailer addsrolling
resistance,weight,anddrag.

Yet anotherreal-worldconsiderationis theuseof air-conditioning.On
thepresentFTP,increasingthedynamometerload10%simulatestheuse
ofanairconditioner.Thatthissimpleexpedientcannotaccuratelyreflect
the influenceof the air conditioneron power requirement,henceemis-

sions, is obviousfrom the fact thatwhen the caris stationarywith the
engineidling, IO% of thedynamometerloadis zero. In a realcartheair
conditioneris extractingmore thanzeropower from the enginewhile
thevehicleis stationary.The SFTPair-conditionerloadcycleis intended
to correctthisdiscrepancy.

EMISSIONS DETERIORATION AND
PROSPECTS FOR DETECTION

Theenginespropellingrecentlymanufacturedcarsincorporatetechnolo-
gies unheardof when emissionsregulationbegan. Electronicallycon-
trolled portfuel injectorshavereplacedthecarburetorof yesterday.An
on-boardcomputerhasbeenincorporatedinto a closed-loopcontrol
system thatoscillatestheair-to-fuelratiowithin anarrowwindowabout
thestoichiometricratio.Thisensuresthatathree-waycatalystmaintains
a high conversionefficiency for VOCs, CO and NO~concurrently,as
illustrated in Figure4-8. Typically, the on-boardcomputerclosesthe
mixture-ratiocontrol loopusingsignalsfrom an inlet airflow sensor,the
fuel injectors,andan exhaust-gasoxygensensorthat indicateswhether
the air-to-fuel ratio is being maintainedwithin the desiredrange. In
addition,exhaust-gasreçirculation(EGR) is employedto decreasethe
flame temperaturefor lower NO~emission.

During the cold start that initiates the FTP, the room-temperature
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FIGURE 4-8 Illustration of the range of control efficiency for a three-way catalyst with
respect to N0~,CO. and VOC emissions. Source: Adapted from Canale et al. 1978.

catalystis ineffective,as illustratedin Figure4-9. Similarly,theexhaust-
gasoxygen sensor mustundergoa warm-upperiod beforeit becomes
functional,althoughthatproblemis now typicallyminimizedby electri-
cally heatingthe sensorduringstarting.

Unfortunately,the ineffectivenessof the cold catalystcoincideswith
theneedfor a rich air-to-fuelratio to ensureenginestarting,becausethe
sparkplug cannotignite theair-to-fuelmixture unlesstheratioof air to
fuelvapor is within theflammability limits of the fuel. Becausegasoline
is a mixture of hydrocarbonswith a rangeof volatilities and the low-
volatility componentsdo not vaporizein the cold-cylinderenvironment,
extrafuel is neededto increasethe quantityof high-volatility compo-
nentspresentto ensurea combustibleair-to-fuel ratio for starting.

A consequenceof the simultaneousineffectivenessof a catalytic
converternot yet heatedto its operatingtemperatureandtheneedfor
a temporarilyrich startingmixtureis that, in recentlow-emissionscars,
as muchas80% of the FTPVOCs areemittedduringthe first 1 or 2 mm
afterthecoldstart. Also, becauseof thehighconversionefficiencyof the
warmed-upcatalyst,tailpipeemissionsareprofoundlyaffectedbyexces-
sive deteriorationof catalystefficiency as mileageis accumulated.A
manufacturermakesallowancefor reasonabledeteriorationby setting
emissionsperformancetargetsfor new carsat a levelwell below(more
stringentthan) the 50,000-milestandards.

Giventhehigh conversionefficiencyof thecontemporarywarmed-up
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FIGURE 4-9 Relationships between catalytic conversion efficiency and catalyst temp-
erature. At ambient temperature, the catalytic tonverter is ineffective. Source:
Adapted from Heywood 1988.

catalyst,thereis strongmotivationto decreaseemissions duringthecold
startby shorteningcatalyst warm-uptime. Conservingheatby insulating
the pipeor pipesconnectingtheengineto thecatalyticconverteris now
commonpractice. Electricallyheatedcatalystshavebeentried,but their
acceptanceis hamperedby concernabouttheincreaseddrainon the car
battery,anissueparticularlyworrisomeincold northernwinter climates.
A morepopulartrendis to usea second,orwarm-up,converterlocated
closeto theexhaustmanifold. Thisminimizesheatlossupstreamof the
catalyst. An additionalconvertermight alsobe placeddownstreamof
this warm-upconverter.

Although new cars aredesignedto meetapplicableemissionsstan-
dardsover their useful life, there is a continuing needto verify that
vehiclesin the handsof the public are satisfyingthis objective. Many
testsconductedtomonitortheemissionsfrom suchvehiclesindicatethat
an unsatisfactorilyhigh proportionof them fail to meetexpectationsin
use(Calvertet al. 1993).

On newvehicles,EPA andCARl) usea selectiveenforcementaudit to
spotcheckemissionsperformanceof manufacturedvehiclesat the end
of the assemblytine. Thoughmanufacturersmight performvoluntary

• qualityassurancechecks,provisionsof 40 CFR86.603-88(e)statutoriLy
limit EPA to auditingno morethanonein every300,000of eachmanu-
facturer’s model-yearproductiondestinedfor the U.S. market, with
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thresholdsin the audit countsetat 150,000units. Therefore,atapro-
duction level of 450,000units, thereis a transitionfrom one to two

audits; at 750,000units, from two to threeaudits, andso forth. For
thosemanufacturersproduéingfewerthan150,000vehiclesfor theU.S.
market, the annualaudit limit is one.

However, if thereis evidenceof noncompliancewith standards,the
EPA administratorcan issueadditional test orders. If the emissions
failure rateof newvehiclescomingoff an assemblyline is excessive,the
line canbe shutdown until the problemis fixed. The manufactureralso

• mustrecall andrepairanysuchvehiclesalreadyproduced.
Vehiclesalreadyin useare subjectto an after-market,in-usetest.

Eachyear,EPAandCARB selectsomeenginefamilies andaska number
of ownersof vehicleswith those enginesto submit their vehictes for
testing. Thesevehicles typically haveaccumulated30,000to 50,000
milesof customerservice. An excessivefailure ratecantriggera recall.
This approachhasbeencriticizedbecauseit is voluntary.Theregulatory
agenciescannotforce aninvited ownerto participate,thusimposingan
unintendedbias on the testsample. Also, from the samplerecruited,
only properlymaintainedvehiclesaretested.

InspectionandMaintenance(I&M) programshavebeeninstitutedin
statesrequired to comply with mobile-sourceair-qualityattainment
provisionsof theCleanAir Act. The objectof such programsis to iden-
tify LDVs thataresignificantlyout of complianceandhavethemrepaired
as a requirementfor continuedlicensing. Previously,thistechniquewas
ableto identify two commoncausesof malfunctionin control systems:
misfueling and tampering. Misfueling a catalyst-equippedcar with
leadedgasolineled to poisoningof the catalyticconverter. With the
removalof leadedgasolinefrom the market(seeChapter5), this prob-
lemhasbeeneliminated.In the1970s,driverssometimestamperedwith
their vehiclesby renderingparts of their emissions-controlsystems
nonfunctionalin the belief that it would improve driveability or fuel
economy. Disconnectinga hoseto deactivatethe EGR system(an NO~
control technique)wasan example.The moderncontrol systemis so
complexandsophisticatedthattamperinghasbecomea rarity, andcan
oftenbe self-defeatingwith respectto fuel economyor performance.

I&M can, in principle, detecta malfunctioning control system. In
practice,however,the testhasbeentoo simplified in mostlocationsto
detectmorethana fewpossiblemalfunctions.Forexample,a frequently
employedI&M techniqueinvolvesonly measurementof the CO andVOC
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concentrationsin thetailpipeof awarmed-upidling engineandpossibly
avisual checkfor tampering.Recentenhancementsto I&M procedures,
suchas a240-sectestcalledthe 1M240 that mimicsthedriving loadsof
key portionsof the FTP, involve operatingthe engineunderloadon a
chassisdynamometer.Althoughnot yet uniformlyadopted,1M240pro-
ceduresare now employedin areassuch as parts of Indiana,Arizona,
andColorado.

Studiesof on-roademissionsperformancehavebeenconductedusing
a remotesensingtechniquethat involves measuringthe absorptionof
infraredlight beamedacrossa singletraffic lanebehindapassingvehicle
in normal traffic (Stephenset al. 1997)- EPA hasgrantedincremental
emissionsreductioncreditsto I&M programsthatalsoincorporatesuch
remotesensing. Thesemeasurementssuggestthatdespiteall precau-
tions,asignificantnumberof high pollutersexist in the fleet. However,
cautionshouldbe exercisedin applyingthis technique(Rossetal. 1995).
A singledrive-bymeasurementprovidesonly a snapshotof thetailpipe
emission. If it measuresemissionsconcentrationbeforethecatalysthas
warmedup, or during a heavyacceleration,or duringcoastingwith the
throttle closed,measuredresultscorrelatepoorly with a dynamometer
test,which, in thiscase,would provideamore-comprehensivereflection
of actual driving conditions. Correlationcan be improved by using a
multipassaverage.

A numberof otherstudiesof in-useemissionshavebeenconductedon
anirregularbasis,includingrepetitionsof newvehiclecertificationtests
on LDVs thathaveaccumulatedmileagein customerservice. In onesuch
study, it wasdeterminedthat80% of the stabilizedandhot-soakVOCs
camefrom theworst 20% of thevehicleson the road (AQIRP 1997b).
In anotherseriesof testson 1979 to1989models,62% of the total CO
from the test fleet camefrom only 7.6% of the vehicles (Rosset al.
1995). To illustrate thesignificanceof thesehigh emitters, if this7.6%
of the fleetwerereplacedwith a like numberof carshaving the average
CO emissionsof the restof the fleet, the total CO from the fleetwould
be decreasedby about60%. Eitherrepairinghigh emittersor removing
them from the fleet might be as effectiveas tighteningemissionsstan-
dards(Calvertet al. 1993).

As tailpipe-emissionsstandardsbecomemorestringent,evaporative
emissionsassumeincreasingimportance.Deteriorationof evaporative-
emissionscontrolsin thefield hasreceivedlessstudythandeterioration

• of exhaustemissionscontrols. In oneexaminationof approximately300
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in-servicevehicles,15%werejudgedto havehighevaporativeemissions
(Brooks et al. 1995). Among the high evaporativeemitters, problems
werefoundwith failed gascapsandcapsthatwereeithernot tightened
properlyor completelymissing. Suchproblemsarenowdetectedby the
lateston-boarddiagnostics(OBD-II). VOC emissionsassociatedwith
liquid leaks havealsobeenfound. Fuel-hosedeterioration,brokenor
missinghoseclamps,anddamagedfuel tanksareamongthe sourcesof
leaks. Indicationsarethatvehicleswith leaks,althoughsmallin number,
can exceedthe evaporativeemissionsof a correspondingnonleaking
vehicleby 1 or 2 ordersof magnitude(GAO 1997). A half teaspoonof
leakedfuel representsmoreVOCs emittedthanexit thetailpipe of a car
meetingthe currentfederalstandardas it travelsoverthe LA-4 driving
schedule(the first two segmentsof the FTP).

An inherentshortcomingof deteriorationstudiesconductedon large
samples of in-servicevehicles,whetheraimedatexhaustor evaporative
emissions,is that they mustbe restrictedto vehicles that havebeen
drivenby the public for enoughyearsfor malfunctionsto develop.Such
studiesdo not accountfor the effectsof future improvements.First, as
existingtechnologiesmature,failure ratesdecrease.Second,gasoline
improvementssuch as reducedvolatility andsulfur contentdecrease
emissions(seeChapter5). Third, newtechnologiescontinuallyemerge.
In this latter categoryis the secondgenerationof on-boarddiagnostics.

The modern emissions-controlsystemrelies on a largenumberof
sensorsto provideinputsto theelectroniccontrol module. It is impor-
tant that thesesensorsoperateas intended. First-generationon.board
diagnosticcapabilitywasintroducedwith theclosed-loopcontrol system
in the early 1980s. It checksthe functionof suchkeysensorsas those
measuringcoolanttemperature,massairflow, manifold absolutepres-
sure,and throttle position. Malfunction of anyof them illuminates a
‘Service Engine Soon’ light on the dashboard,signalingthe driver to
havethe indicatedfault correctedby a technician. Second-generation
on-boarddiagnostics,mandatedfor all model-year1996andlaterLDVs,
addsfunctionality checkson importantemissions-controlsubsystems.
For example, the instantaneousaccelerationrate of the flywheel is
measuredto signal a misfiring sparkplug. The evaporativeemission
control systemis checkedfor leaks. Satisfactoryfunctionof the oxygen
sensor is verified andanothercheckensuresthatthe EGRvalve is work.
ing.Comparingsignalsfrom oxygensensorslocatedupstreamanddown-
streamof the catalyticconvertermonitorsits effectiveness.EPAexpects

suchadvancedearly-warningdiagnosticsto leadto promptcorrectionof
previouslyundetectedmalfunctions.

FUNCTIONALITY OF CATALYSTS, OXYGENATED FUELS,
AND EXHAUST EMISSIONS

ModernLDV5 areequippedwith a three-waycatalystthat,with proper
control of theair-to-fuelratiovia the oxygensensor,promotesoxidation
of mostCO and VOC5 in the tailpipe to CO2 and H20 and reductionof
most NO~to N2. Moreover,oncethe catalystbecomesoperational,it
mostreadily catalyzesoxidation of the VOC specieswith the highest
reactivity, thusreducingthe reactivityof the exhauststreamaswell as
thetotal massof emissions.

Oxygenated fuel makesadditionaloxygenavailableto thecombustion
processand thus, under appropriatecircumstances,has the ability to
decreaseCO emissions.Appropriatecircumstancesexcludeclosed-loop
operationof thecurrentproperlyfunctioningcontrolsystembecausethe
oxygen sensoradjuststhe air-to-fuel ratio to avoid exhaustoxygen. The
oxygensensorcannotdiscriminatebetweenoxygen moleculesin the
exhaust that camefrom air enteringtheengineand thosecoming from
thefuel itself. On theotherhand,duringopen-loopoperation,asduring
a cold startor a full-throttle acceleration,a systemthat metersfuel in
proportion to airflow withouta signal from the exhaustoxygensensor
will supplementthe oxygenin the intakeair with the additionaloxygen
in the oxygenatedfuel. As this effectively makesthe mixture leaner,
somereductionin exhaustCO canbe expected.(Chapters6 and7 dis-
cusseffectsof thepresenceof oxygenatesin thefuel on thetotal massof
VOC emissions,aswell asthe reactivity of thoseemissions.)

A largefractionof totalemissionsfrom theLDV fleet is nowknownto
arise from vehicles without properly functioning emissionscontrol
systems. Someof thesehighemittersmight suffer from an improperly
functioningcatalyticconverter. In the limit of a completefailure of the
catalyst,the compositionof thevehicletailpipeexhaustapproachesthe
compositionof the engineexhaust,and the oxygenatedfuel may de-
creaseengine-outVOC andCO emissionssomewhat.However, fueling
sucha high-emitterwith an oxygenatedfuel will not compensatecoin-
pletelyfor the loss of conversionefficiency in the catalyst. Also, if the
evaporativeemissionscontrolsystemis defective,thehigherRVPtypical
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of ethanol-blendedRFG might increaseevaporative emissionsto a
greaterextentthanwould a fuel having a lower RVP. The significance

of malfunctioningevaporativesystemsto totalVOC emissionsfrom the
vehicle has not beenstudiedextensively. The contribution of high
emitters is expectedto increasein the coming decade(Sawyeret al.
1998).

SUMMARY

Regulatorycontrolof emissionsfrom LDVs hasbecomeevermorestrin-
gentsincethe passageof the CleanAir Act. Manufacturershavere-
spondedwith appropriatecontroltechnologiesthathavebecomemore
effectiveas theymature.

Thecontributionof ozoneprecursorsto thenationalemissionsinven-
toryby on-roadvehicleshasbeentrendingdownward,despiteasubstan-
tial increasein vehiclemiles traveled.

Evidenceindicatesthat theproportionof driving time spentin tran-
sientdriving maneuversthatdepartsignificantly from thoseaccounted
for by the currentFI’P is small, but thosedeparturescan contributea
disproportionateshareof tailpipeemissions. Of particularconcernare
emissionsarising from cold startsand trips with multiple stopovers.
Changesto thecertificationprocedureto accountfor shortcomingsof the
FTP areforthcoming. However,ongoingmonitoringof driving profiles
is warrantedto ensurerealisticintegrationof tailpipeemissionsmeasure-
mentwith the presentlyuncoupledmeasurementof evaporativeemis-
sions.

Therelativelysmallproportionof high-emittingvehiclespresentin the
fleet can add disproportionatelyto total fleet emissions.Effectively
repairingsuchvehiclesor removingthem from the fleet could be the
singlemost effectiveozone-precursorreductionstrategyin the mobile-
sourcecontrol arsenal.The new generationof on-boarddiagnosticsis
expectedto decreasethe incidenceof highemitters. Meanwhile,an on-
going programthat diagnosesthe specific emissions-componentmal-
functionsin high-emittingvehiclescould helpto avoid high emittersin
the future.

Reformulation of Gasoline

FoaThE VAST MAJORITY of light-duty vehicles(carsandsmaller trucks),
whoseenginesare spark-ignited,the propulsion fuel is gasoline. As
describedin Chapter4, the propertiesof vehiclesandhow they are
driveninfluencethequantityof emissionstheycangenerate.Themake-
up of the fuel thatpowersa given vehiclecan alsohavea major impact
on theemissions,from bothamassandacomponentspeciationpointof
view. By extension,sucha changecould exacerbateor mitigate the
effects of chronichumanexposureto primaryandsecondarymobile-
sourceair pollution. A briefoverviewof the toxicologyof severaloxy-
genatesin fuels is presentedin Text Box 5-1.

This chapterreviewsrecentstate-and federal-regulatoryefforts to
protecthumanhealthand the environmentby meansof the modifica-
tion,orreformulation,of motorgasoline—emphasizingtherequirements
for theadditionof oxygenandhow thatoxygenis provided. A discus-
sion then follows on the propertiesand laboratory-measuredperfor-
mance of thesereformulatedgasolines (RFGs) with respect to the
amount of ozone precursor emissions(volatile organic compounds
(VOC5),oxidesof nitrogen(NOr),andcarbonmonoxide(CO)) generated
by the vehiclesthat usethem. This discussionis intendedto serveas
prefacefor the reviewof actualin-usecasestudiesandreal-worldobser-

•vationsof air-qualityeffectspresentedin Chapter6.

5
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TEXT Box 5-1 Toxicological Considerations of Oxygenates in Fuels

Although this report focuses on the effects of motor-vehicle fuel
composition on formation of tropospheric ozOne, earlier reports dealt in
considerable detail with the toxicological and health effects related to fuel
composition. Two reports that focused specifically on the effects of
oxygenates in fuels are Toxicological and Performance Aspects of
Oxygenated Motor Fuels (NRC 1996) and Interagency Assessment of
Oxygenated Fuels (NSTC 1997).

The NRC report reviewed a draft of the interagency assessment, and
recommended a number of refinements and improvements In the assess-
ment of potential human health risks associated with prolonged exposure to
gasolIne containing MBTE and in the assessment of the comparative risks
associated with oxygenated and nonoxygenated fuels, The NRC report
cOncluded that”until these recommendations are acted upon, no definitive
statement can be made regarding these health-risk issues. Based on the

•available analysis, however, it does not appear that MTBE exposure result-
ing from the use of oxygenated fuels is likely tO pose a substantial human
health risk. It appears that MTBE-Oontalnin~fuels do not posehealth risks
•substantially different from those associated with nono~’genatedfuels, but
th!s conclusion is lesswell established and should become the centerpiece
for the government’s comprehensive assessment.”

•• The interagency assessment report concluded that “it is not likely that
the health effects associated with ingestion of moderate to large quantities
of ethanol :would occur from inhalation of ethanol at ambient levels to
which most people may be exposed from use of ethanol as a fuel oxygen-
ate. Potential health effects from exposure to other oxygenates are not
known and require investigation if their use in fuels is to become wide-
spread.”

In a related Issue, In 1998, U.S. Senator Dianne Feinstein (California)
requested an investigation of possible contamination of the nation’s ground-
water b~MTBE and sought help from EPA in dealing with potentially
serious MTBE issues confronting California, namely, water contamination in
the state. Moreover, Senator Barbara Boxer had requested that EPA phase
out MTBE because of mounting evidence of MBTE contamination of Califor-
nia’s drinking water. EPA announced in November 1998 that it will
undertake a pilot site-remediation demonstration project In California. On
March 25, 1999, California Governor Gray Davis Issued Executive Order D-
5-99, which requires the phase out of MTBE from California gasoline by no
later than December 31, 2002

BASIC PROPERTIES

Irrespectiveof any regulation of their content,the compositionand
propertiesof motor-vehiclefuels are routinely tailoredto meetthe re-
quirementsof the existingand the emergingfleet of automobilesand
trucks. Costandgeneralavailabilityareobviouslymajorconsiderations;
in the past,a fuel’s specificationswereestablishedby vehiclemanufac-
turers,togetherwith the fuel’s producers. Increasedconcernaboutair
pollution andhealtheffects from the useof motor-vehiclefuels have
broughtthe federalandsomestategovernments,throughtheirenviron-
mentalregulatoryagencies,into anincreasinglyprominentrole in deter-
mining fuel composition. Within this regulatorycontext, fuel composi-
tionhastypically beendefinedby specificationssetasa rangeof proper-
ties, eachhaving a maximumor minimumor bothstipulated.

Volatility and Distillation Curve

Fuelvolatility anddistillation arerelatedto thecompositionof vaporsin
thegasolinetankandin the fuel deliverysystem.Theyarecritical to the
properoperationof the engine.For example,a sufficiently high “front
endvolatility” is required for cold starting a vehicle and is generally
higher in the winter than in the summer. Fuel volatility is often ex-
pressedin termsof the Reidvapor pressure(RVP), which is definedas
thevaporpressure(orgaugepressure)of a liquid at 100°F,as measured
in a standardizedapparatus,or “bomb” (in poundsper square inch
(psi)). A distillation curve can be characterizedby the temperatures
(usuallyin °F)atwhich 10%,50%,and90%,respectively,of the fuel is

distilled (Or evaporated).Those temperaturesarerepresentedby T10,
T50, andT90.

• Octane Number

Octanenumberis a measureof the tendencyof a fuel to detonateduring
combustionin a standardizedvariable-compression-ratio“knock”-test
enginein which the compressionratio’ is increaseduntil knock is de-

“Compressionratio” is theratio of thevolume of acylinderwith apiston
atbottomdeadcenterto thevolume of thatcylinderwith thepistonat bottom
deadcenter.
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tected. Thetest resultsfor a fuel arescaledto an octanenumberof zero
for n-heptaneand100 for iso-octane(2,2,4-trimethylpentane).The sets
of measurementconditionsgenerally applied for determining each
octane-ratingcomponentaresummarizedin Table 5-1.

With the phasing out of terraethyl lead from motor gasoline,
changesin compositionwerenecessaryto maintainthe octanenumber
of theunleadedgasolinesothatthe currentand future fleetsof passen-
ger carscould operateproperly. This wasaccomplishedby increasing
the contentof high-octanehydrocarbonssuchas alkylated aromatics,
olefins,andbranchedparaffins. Oxygenatedcompounds(e.g.,alcohols
andethers)arealsohigh-octaneblendingcomponents,and their useas
octaneenhancersbeganas earlyasthe late 1960s.

Oxygenates in Fuels

The majorcomponentsof gasolinearehydrocarbons,whoseelemental
make-upincludesonly carbonandhydrogen. Fora varietyof reasons,
includingadesireto minimizemotor-vehiclepollutantemissions,asmall
amountof chemically-combinedoxygenis sometimesincorporatedinto
the fuel by addinganoxygenatedorganiccompoundto the blend. The
two oxygenatedcompoundsmostcommonlyusedasadditivesin gaso-
line todayareMTBE (CH3OC(CH3)3)andethanol(C2H5OH).

Theamountof oxygenin a fuel is usuallyexpressedin termsof the
percentof oxygenin the fuel by weight (i.e.,wt % oxygen)or the per-
centby volume of the oxygenatedadditive(i.e., vol % additive).Table
5-2 presentsthevaluesfor vol % of ethanolandMitE thatcorrespond
to a rangeof wt % oxygencontentsthataretypical of RFGblends. Note
that becauseethanolcontainsmore oxygen on a per-grambasis than

TABLE 5-I Test Parameters for Octane Measurement
• Research Octane Number (R) Motor Octane Number (M)

Engine speed, rpm 600 900

Air temperature, °F 60-125 100

Usefulness
•

Provides relative numbers
for low-speed, mild-knock
conditions

Provides relative numbers
for high-speed, high-knock
conditions

Wt% Oxygen Vol % Ethanol Vol % MTBE

1 2.85 5.6

1.5 4.3 8.3

2 5.7 11.2

2.5 7.1 13.9

3.0 8.6 16.7

3.5 10.1 18.9

doesMTBE, about50% less ethanol (byvolume)is requiredto produce

a given% wt of oxygenin a fuel thanin thecaseof MTBE. As discussed
laterin thischapter,thefederalRFGprogrammandatesa minimum2 wt
% oxygenin all RFGblends. In Table 5-2, it is shownthatmeetingsuch
a requirementtakesa little less than6 vol % ethanolanda little more
than11 vol % MTBE. It turnsout however,thatwhenethanolis present
in fuel at concentrationsof a few vol % to about10 vol %, it tendsto
significantly enhancethe fuel’s RVP.2 As a result, there is a general
tendencyforethanol-containingblendsto containmoreoxygen(on awt
% basis)thanMTBE-containingblends.

Becausethe octanenumbersfoi both ethanolandMitE arerela-
tively high, theyare attractiveadditivesfor use in lead-freegasoline.
Exceptwheremandatedby law,however,oxygenateproducerscompete
withconventionalrefiningprocessesfor producinghigh-octanehydrocar-
bonsthatcanbeaddedto gasoline.Theseconventionalprocessesinclude
the following:

• Catalyticcrackingto increasethe amountof componentswith
boiling pointsin therangeof thatof gasolineandto producehigh-octane
olefins andaromatics.

• Catalyticreformingto convertnaphthenesandsomeparaffins
to high-octanearomatics.

2studiesindicatethatfuel gyP increasesas ethanolis initially added.The
greatest RVP increaseoccurs with an ethanol contentof about 5 vol ¾andis
about 1 psi. For ethanolconcentrations greaterthanS vol %, the RVP slowly
decreases.

TABLE 5-2 Amounts of Ethanol and MTBE Needed to Produce a Given Oxygen
Content in REG

NOTE: The antiknock index. 0.5 (R + M). is commonly used.
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• Isomerizationandalkylation to producebranchedparaffins.

In general,thoseprocessescanbemoreeconomicalthanthosethat
produceoxygenates;andthus,oxygenateswerenot initially the additive
of choiceforenhancingoctanenumberin fuels, asdiscussedlaterin this
chapter.However,in additionto enhancingoctanenumber,oxygenates
in gasolinecan provideair-qualitybenefits. Forexample,asdiscussed
in Chapter4, useof oxygenatescan lower emissionsof CO duringopen-
loop operation(suchaswarm up) in modernvehicles (i.e., thosewith
closed-loopfeedbackcontrol) and in vehiclesthat do not haveclosed-
loop controls. There is alsosomeindication thatoxygenatescan lower
the massand reactivity of VOC exhaustemissionsin somecases(see
Chapters6 and7). Thepresenceof oxygenatesin reformulatedgasoline
hasbeenmandatedby law andregulation,and this providesthe incen-
tive for usingoxygenatesto boostoctanenumberinsteadof usingcom-
ponentsproducedby conventionalprocesses.

All thingsbeingequal,the choiceof whichspecificoxygenateto use
would be dictatedby economicfactors;that is, which oxygenatecan
producethedesiredgasolinecharacteristics(e.g.,high-octanenumber)
at the leastcost. The principal productionmethod for ethanolusedin
gasolineis fermentationof carbohydratesfrom grain (mostlycorn):

carbohydrates(e.g.,sugars)+ yeast—+ ethanol(C2H5OH) + residue.

Ethanol is also producedin petrochemicalfacilities through ethane-
ethenesynthesis:

C2!-!5 —* C2!-!4 + 1~l2
C2H4 + H2O —* C2H5OH.

MTBE, on the other hand,is producedin atwo-stepprocess,with petro-
chemicalsynthesisemployedto manufacturemethanol from naturalgas:

CH4+H2O—>CO+3H2
CO + 2H2-÷ CH3OH.

2-Methylpropeneis manufacturedfrom 2-methylpropane:

MTBE is thenproducedby reactingmethanolwith 2-methylpropene:

CH3OH + CH2 = C(CH3)2—, CH3OC(CH3)3.

This multistepprocessmakesuseof readily availableinexpensivefeed-
stockandenablesMTBE to be producedat a costthat is generallyless
thanthatof producingethanolby grain fermentation. However,in the
UnitedStates,taxsubsidieshavemadeethanolproductionvia fermenta-
tion competitivewith MitE production.Becausethecommitteewasnot
askedto addressthis aspectof the RFGissue,theeconomicimplications
of usingMitE versusethanol as an oxygenatedadditive are not dis-
cussedin thisreport. A discussionof the potentialair-qualitybenefitsof
the two oxygenatesis presentedin Chapter7.

Sulfur in Gasoline

Sulfur (combinedchemicallyin the organiccomponentsof the fuel) is a
trace impurity of gasoline. Reductionsin gasolinesulfur contentcan
substantiallyimprovecatalytic-converterperformance(AQIRP 1992),as
well as lowersulfur dioxide(502)emissions.Sulfur’s effect in impairing
the functionof a catalyticconverterby poisoningthecatalystis believed
to be reversible.Removal of sulfur to a low weight-percentof gasoline
(he., ~100 partsper million (ppm)by weight) canbe accomplishedby
hydro-desulfurizationof catalytic, thermal,andvirgin naphtha.

FEDERAL AND CALIFORNIA REGULATION OF
GASOLINE PROPERTIES

History of Federal Actions Before 1994

Thefirst federallymandatedgasolinereformulationin recenthistorywas
thestagedremovalof theoctane-enhancingadditivetetraethylleadfrom
all motor gasolines. In general,the function of the oxidizing exhaust
catalystof avehicleis impairedwhenthevehicleis operatedwith leaded
gasolines.In anticipationof the introductionof catalyststo the light-
duty motor-vehiclefleet in 1975, the U.S. EnvironmentalProtection
Agency(EPA) beganphasingout leadedgasolinein theearly1970s(EPACH3CH(CH3)2—~CU2 = C(CH3)2 + H2.
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1973). A subsequentEPArule restrictedtheleadcontentof anygasoline
to a maximum 0.1 gramsper gallon (g/gal) as of January1, 1996, to
achievereductionsin the inhalation exposureof humans(especially
youngchildren) residingin urbanareasto airbornelead. Up to 1995,
traceamountsof lead (up to 0.05g/gal) could still be includedin gaso-
lines,but thereaftergasolinesin theUnitedStatesweremandatedto be
essentiallylead-free.

Becauseleadhadbeenin gasolinefor manyyearsto enhancecom-
bustionperformance(byincreasingitsoctaneratingorantiknockindex),
a comparablyeffectivesubstituteadditivewasdesired.Initially, lower
paraffins,such as butane,offered the combinationof octaneenhance-
mentandcost-effectivenessthatrefinerssoughtbecausetheyboostedthe
ratingsufficiently atrelatively low concentrations.However,butanein
particularevaporatedreadily, havingan RVP of about 58 psi andalso
volatilized otherreactivehydrocarbonsin the gasoline. The resultwas
an industry-averagegasolinewith an RVP as muchas 2 to 3 psi higher
during the ozone seasonthanthatof the EPAcertificationtestgasoline.

Throughabout1987,discrepantvolatility wasnotanissuebecause
excursionsof the 1-hr ambientozone concentrationstandardof 0.12
ppm in mostlocationshadbeenin steadydecline. However, thesum-
mer of 1988witnessedsomeof the worst ozoneexcursionson record
(seeChapters4 and6). Theseexcursionswerewidespreadandoftenof
longdurationbecauseof unusuallyprotractedhot andsunnyconditions
andairstagnationovermuchof the nation. Theozoneexcursionsled to
speculation thatevaporationof thethen-commonhigh-volatility summer
gasoline,in useandin bulkstorage,wasamajorcontributorto the mass
of VOC emissionsgiving rise to theseozoneepisodes.A seminalcom-
pendiumof peer-reviewedresearchresults,atthattime, identified reduc-
tion of gasolinevolatility as the most effective meansthenavailableto
reduce anthropogenicVOC emissions attributable to mobile-source
activity (NAPAP 1991).

The air-regulatorystructurecreatedunder the National Environ-
mentalProtectionAct (PublicLaw91-190)of 1969 andtheCleanAir Act
(CAA) Amendmentsof 1970hadsoughtto substantiallyreducetranspor-
tation’s contributionto the ozoneproblemthroughan almostexclusive
programmaticfocus on motor-vehiclemanufacturers(Chapter4). The
core of this structurewas a set of increasinglystringentper-vehicle
emissionsstandards(shown in Tables4-1 and4-2) called the Federal
Motor Vehicle ControlProgram. Beginningin 1989, the structureex-

pandedto encompassthefuelsindustry,especiallypetroleumproducers,
in the questfor greatercontrol of emissionsfrom gasoline-powered
vehicles. Following initiatives takenby individual states,suchasCob.
rado,EPA promulgateda rule thatset tipperRVP limits for gasolinesold

during the ozoneseasonthroughoutthe nation (EPA 1989)- The limits
weredetermined,in partbymeteorology,but largelyby averagesummer
temperatures.Theselimits weresubsequentlyredefinedandmademore
stringentfor 1992and lateryears(EPA 1990).This initial foray by the
federalgovernmentinto usingfuel propertiesto aid in ozonemitigation
effortswasthensubstantiallyexpandedby thepassageof the CleanAir
Act Amendmentsof 1990, which mandatedthe federalRFG program.
The key aspectsof this programare discussedlater in this chapter.

Corresponding California Actions

Variousregionsof California exceedtheair-qualitystandardsfor ozone
severaltimesperyear,andtheLos Angelesareais generallyrecognized.
as having the most severe ozone pollution problemsin the nation.
Perhaps,for this reason,California hasoften led the nationin thepro-
mulgationof new andcreativeapproachestoozone-pollutionmitigation,
andregulationof gasolineis no exception.Requirementsfor fuel modifi-
cations in California have existed since 1971 when RVP limits were
mandated.Throughthe 1970s,reqwrementswerealsopromulgatedfor
quantitiesof lead, sulfur, andmanganese-phosphorousin gasolineand
sulfur in dieselfuels.

The California CleanAir Act of 1988 imposedadditionalrequire-
mentson mobilesourcesto (1) achievemaximumemissionsreductions
of VOCs andNO~by theearliestpracticabledate; (2) achievefeasible
reductionsinparticulatemass(PM), CO, andtoxic-aircontaminants;and
(3) adopt the most effective control measureson all classesof motor
vehiclesand their fuels. In responseto this, the CaliforniaAir Resources
Board(CARB) adoptedtheCaliforniaRFGregulationsto requirecleaner-
burninggasoline. This programis acritical componentof California’s
StateImplementationPlan (SIP) to reduceair pollution, andwill also
meetthe requirementsof the federalRFG programsome 3 to 4 years
earlier thanthatmandatedin the CAA Amendmentsof 1990. Motor-
vehicle-exhaustemissionsstandardswerefurtherspecifiedunderCalifor-
nia’s Low EmissionVehiclesandCleanFuelsProgram.
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The Auto/Oil Study

A keyprinciple first manifestedin theconceptof an RFGprogramis the
conceptthat a vehicle and its fuel arean integratedsystemfor which
emissionscontrols should be fashionedto derive the optimum benefit
from eachof the system’scomponents.In acknowledgmentof this prin-
ciple, the auto and oil industriesinitiated the Auto/Oil Air Quality
ImprovementResearchProgram(AQIRP) in 1989.ThepurposeofAQIRP
was to developdataon potential improvementsin vehicularemissions
andair quality that could berealizedthroughthe useof RFG, various
alternativefuels, andthe developmentof automotivetechnology(Burns
et al. 1992).~

AQIRP soughtto identify thosefuelsandformulationsthatcould be
most effective in reducingozone precursorswithout compromising
driveabilityor substantiallyincreasingthe cost(pergasoline-or diesel-
equivalentrange)of driving. The programwasmotivatedin part by the
perceptionthatthecrafting of gasolineshouldbecompletelyrethought,
suchthatthe entire rangeof its potentiallyhealth-harmfulconstituents,
including sulfur, aromatics,and reactiveolefins, should be subjectto
limits. TheAQIRPfindingshaveservedasthecornerstonefor thedesign
of both the federalandCalifornia RFG programs,andarediscussedin
depth in Chapter6.

WHAT IS REFORMULATED GASOLINE?

Thereare currentlyin the United Statestwo RFG programs:a federal
programmandatedin Section211(k) of the CAA and.aCalifornia pro-
gram, The Californiaprogramprecedesthe federalprogrambyabout3
to 4 years. Both thefederalandCalifornia programsareto be imple-
mentedin two phases. (To avoidconfusion,Arabicnumeralsareused
in this report to identify Phases1 and2 of the Californiaprogram,and
Romannumeralsare usedto identify PhasesI and II of the federal
program.)The generalcharacteristicsof the two programsareoutlined

3ThreeU.S.automobilecompanies(Ford,GeneralMotors, andChrysler)
and14 petroleumcompanies(Amoco, ARCO, Ashland, 81’, Chevron,Conoco,
Exxon,Marathon,Mobil, Phillips, Shell,Sunoco,Texaco,andUnocal) planned
andcarriedout AQIRP.

in Table 5-3 Parts1 and2. (The tablesare not intendedto provide a
comprehensivepresentationof the programs’requirements.)

The federalandCalifornia RFG programsarespecificallyaimedat
mitigationof theozone-pollutionproblemthroughthereductionof light-
duty-vehicle(LDV) emissionsof VOCs, CO, andNO~.Theseprograms
should not be confusedwith oxygenatedfuels programs,such as the
FederalOxygenatedFuelsProgram(seeTable5-4), whichseeksto lower
motor-vehicleemissionsof CO to avoid nonattainmentof theNationaL
Ambient Air Quality Standard(NAAQS) for CO. BecauseCO pollution
is typically most severein the winter months, the oxygenatedfuels
program generally seeksto regulate fuel composiuonduring those
months. By contrast,theRFG programstendto prescribecontentand
volatility of gasolinesold duringthe summerozoneseason.

Federal RFG Program

In general terms,the federalconceptof RFG, as of January1, 1998, is
gasolineblendedsuch that, on average,the exhaustandevaporative
emissionsofVOC5andair toxics(chieflybenzene,I ,3-butadiene,polycy-
clic organicmatter (POM), formaldehyde,andacetaldehyde)resulting
from RFGusein motorvehiclesaresignificantlyandconsistentlylower
thansuchemissionsresultingfrom useof conventionalgasolines. In a
legal context, a gasolineis reformulatedif the EPA administratorhas
certified that it meetsall specificationsof the CAA. Section211 of the
CAA codifies the redefinitionof gasolineto be sold in areas failing to
achieveambientair-quality standardsfor air pollutants linked to emis-
sions of CO, nonmethanehydrocarbons(NMHCs), and NO~.As de-
scribed in Chapter2, alL threeare precursorsfor troposphericozone
formation.(CO andnitrogen dioxide (NO2) arealsosubjectto ambient-
concentrationstandardsbecauseof their direct impact on human
health.)

As indicatedin Table 5-3 Part1, ninemetropolitanareasarespeci-
fied for applicationof the federalRFG program. Beforepassageof the
CAA Amendmentsof 1990 that codified theserequirements,EPA had
alreadyconcludedthat thoseareaswould require an arsenalof new
weaponsto combattheir ozone problems, and that changesin the
compositionof motor fuelswould play a key role. Subsection211(k)
(10)(D) officially definedthoseareasas the “coveredareas”for useof



California RFG Program, Phase 1
(1992-1996)

• Effective January 1, 1992.
• Set gasoline RVP limit at 7.8 psi.
• Required detergent additives and no lead in gasoline.
• No explicit oxygen requirement fr summergas.

California RFG Program, Phase 2
(1996-)

beginning of 1996 ozone season.
for the following properties:

7.0 psi (gauge)
40 ppm (vol)
0—2.7% (wt)
6.0% (vol)

• Effective with
• Set flat limits

• RVP:
• Sulfur:
• Oxygen:
• Olefins:
• Aromatics: 25% (vol)
• Benzene: 1.0% (vol)

• Temperature at which 50% of fuel is distilled/vaporized
(T~~):210°F.
• Temperature at which 90% of fuel is distilled/vaporized
(T~~):300°F.
• Meets federal Phase II RFG specification and perfor-
mance requirements (see Table 5-3 Part 2) exceptthat
oxygenate content requirement may be waived if a refiner
demonstrates, through emissions test results for 20
vehicles in four technology classes, that a fuel’s exhaust-
emissions performance targets can be achieved without it.

Federal RFG Program, Phase I
(1995-1999)

• Mandated in 42 U.S.C. 7545 as a result of language in
Section 211(k) of the CM Amendments of 1990.
• Effective beginning 1/1/95 in the 9 metro ozone-
nonattainment areas with population of 250,000 or greater
classified as ‘extreme” or “severe” as of 11/15/90:
• Los Angeles (South Coast Air Basin)
• San Diego
• Baltimore/Washington
• Hartford-New Haven-Waterbury, CT
• New York/New Jersey/SW Connecticut
• Philadelphia/Wilmington/Trenton
• Chicago/NW Indiana
• Milwaukee/Racine, WI
• Houston/Galveston/Brazoria, TX

(Sacramento, CAwas later added)
• Specified content criteria for gasolines to be sold in
these areas primarily during the summerozone season:
oxygen minimum of 2.0% by wt; benzene maximum of 1.0%
by vol; aromatics maximum of 25.0% by vol; must contain
detergent additive; must exclude heavy metals.
• Per-gallon performance requirements: 15.0% reduction

in toxics; at least 15.6% northern states; 35.1% southern
states; reduction in VOCrelative to specified baseline gaso-
line, as computed by Complex Model (Simple Model valid
until 1/1/98).

• Properties maybe measured according to an average
limits provision, as long as the flat limits are met on aver-
age over a specified period of time.
• RFGperformance relative to that of a specified base fuel
for exhaust emissions oniyis calculated with the Predictive
Model, which California developed using approximately the
same data base that EPAused in developing the Complex
Model.

• Average performance requirements (across all RFGs
from a refiner): at least 16.5% reduction in toxics; at least
17.1%northern states, 36.6% southern states; reduction in
VOCs as computed by Complex Model (Simple Model valid
until 1/1/98).
• RVP limits based on 40 CFR80.28 standards, which

cover all gasolines sold. Other areas may opt in to program
irrespective of ozone attainment status and may opt out if
alternative means of attaining (and maintaining) ambient

_ozq~pstandardsare demonstrated.

TABLE 5-3 Part 1: California and Federal Reformulated Gasoline ProgramC I-

N3

aunless otherwise stated, standards-for the first phase of both programs carry forward to the second phase.

Ca)



TABLE 5-3 Part 2: Future Reformulated Gasoline Program

Federal RFGProgram, Phase II

(2000-)
• Effective January 1. 2000.
• Revises per-gallon performance criteria for gasolines to be sold in covered and opt-in areas during the ozone

season: at least 20% reduction in toxics; at least 25.9% (northern states) and 27.5% (southern states) reduction in VOCs;
and at least 5.5% reduction in N0~(which was not previously controlled) for VOC-controlled areas; relative to specified
baseline gasoline, as computed by the Complex ModeL8 (See Table 5-6.)

• Similarly, if a refiner opts to meet performance criteria on a pooled average (rather than per-gallon) basis as
described in 40 CFR 80.67, targets are at least 21.5% reduction in toxics; at least 27.4% (northern states) and 29.0%
(southern states) reduction in VOCs (but 23.4% and 25.0%, respectively, for any individual gallon sampled); and at least
6.8% reduction in N0~for VOC-controlled areas; all relative to specified average baseline gasoline, as computed by the
Complex Model.

• For areas not designated VOC-controlled,8 the pooled average NO~reduction standard for RFGs is 1.5%.
• Per-gallon oxygen minimum requirement Telaxes to 1.5% by wt as long as an average oxygen content across all

RFGsproduced by a refiner for a given area is 2.1% or higher.
• Per-gallon benzene maximum requirement relaxes to 1.3% by wt, as long as an average benzene content across

all RFGs produced by a refiner for a given area is 0.95% or lower.
aoptin areas are listed in Table 5-5.

TABLE 5-4 Federal Oxygenated Fuels (Oxyfuels) Program (1992-

• Mandated in 42 U.S.C. 7545 as a result of language in Section 211(m) of the CMAmendments of 1990.
• Justified based on the apparent success of winter gasoline oxygenation programs established from 1988 onward

by states such as-Colorado.
• Effective no later than 11/1/92 for any area with a CO design value (nonattainment ambient concentration level)

of 9.5 ppm and above as of 11/15/90 (on 11/1/92 there were a total of 23 qualifying areas, excluding the Sin Califor-
nia that were separately controlled by CARS regulation from November 1992).8

• Requires gasoline sold in such areas during the winter (high-CO) season to contain not less than 2.7% oxygen by
wt (over a minimum period of 4 months) but controls no other parameter)’

• Provides, pursuant to CM Section 211(m)(2), that the EPA Administrator may waive these requirements for any
area in which they would interfere with the attainment of a national, state, or local ambient air-quality standard for any
pollutant other than CO.

• Otherwise, there is no “sunset” provision for the program, except for any qualifying area that attains the CO
I standard and demonstrates that it can maintain it without the use of oxygenates.

8California began using oxygenates in November 1992 to comply with federal requirements for the control of CO, and

implemented a modified form of the Federal Oxygenated Fuels Program to reduce ambient COin 1992 in approximately 40
nonattainment areas (Kirchstetter et al. 1996). The periods in which oxygenates were required depended on location, but all
were in the range of October 1 through February 29.

bCaliforniass adopted requirement is lower at 1.8% to 2.2% due to concern about NO, formation.

I-

‘-S

UI



116 OZONE-FORMING POTENTIAL OF REFORMULA TED GASOLINE REFORMULATION OF GASOLINE

summerRFG. In addition,the subsectionallowed for participationof
anyothernonattainmentareaswishingto opt into thegasolinecontent
regulations.Table5-5liststheseso-calledRFGvoluntaryopt-in areasas
of May 1, 1998.

Theintentof Congressin formulatingthefederalRFGprogramwas
to ensurethe participationof oxygenandoxygenateconstituentsin the
modified-gasolinecomposition. The additionof oxygenat a minimum
of 2.7% contentby weight to winter-blendedgasolineas a meansto
control CO emissionswasrequiredon anationalbasisfor CO nonattain-
mentareasoutsideCalifornia in CAA Section211(m)(2). Further,as
part of the federalRFG program,theEPA Administratorwasinstructed
by CAA Section211(k)(2)(B) to setcontentrequirementsfor oxygen,
benzene,andaromaticsin any gasolines. For oxygen, the sectionre-
quiresa minimumof 2.0%by weight; forbenzene,a maximumof 1.0%

by volume; and, for aromatics,a maximumof 25% by volume. Such
gasolineswerealso prohibited from containingheavymetalsand from
excludingdetergentadditives. Subsection211(k)(7)alsoprovidesfor a
determinationof credits for refining gasolinescertified to a greater
stringency (i.e, less benzeneor aromatics,more oxygen) than that
stipulatedby the statedlimits.

lndevelopingregulationsto implementtherequirementsof theCAA
Amendmentsof 1990,specificper-gallonemissions-reductiontargetsfor
RFGswere setfor eachof two VOC-control regions:thosegenerallyin
thenortherntier of states,with summerbaselinegasolinesin the 9.0-psi
RVP range,and those generallyin the southerntier, where summer
gasolinehasRVP5 of 8.0 psi and lower. Such a distinction reflectsthe

TABLE 5-5 Federal RFG Opt-in AreasAs of July 1998

Connecticut(entire state) Massachusetts (entire state)
Delaware (entire state) Boston-Lawrence-Worcester portion,
Washington, DC (including MD and MA and NH

VA suburbs) New Jersey (entire state)
Louisville, KY Duchess and Essex Counties, NY
Auburn and Portland, ME Rhode Island (entire state) .

Lewiston, Knox, and Lincoln Dallas-Ft. Worth, TX
Counties, ME Richmond, VA

Kent and Queen Anne’s Counties, Norfolk, Virginia Beach, and
MD Newport News, VA

historical industrial practicewheresoutherngasolinehad lower RYP

thannortherngasolineto compensateforhigherambienttemperatures.
(the coveredareasoutsideCalifornia that fall into the southerntier
includeonlythe1-louston-Galveston-Brazoria,Texasarea,andtherecent
opt-inareasof Dallas-Ft.Worth,Texas;andthe RichmondandTidewater
metro areasof Virginia.) A targetof 15% reductionfor toxics andat
least 15.6% for VOC5 was definedfor northern-tierozonecontrol re-
gions; thesouthern-tierVOC-reductiontargetwas35.1%. As described
below, thesetargetsare to be computedusing the so-called“Complex
Model.” Following themandatoryintroductionof PhaseII RFG after
December31, 1999, the targets rise to 20% minimum reductionfor
toxics and25.9%reductionof VOCs (or atleast23.4%on a year-round
averagedbasisfor certified RFGs) for northern-tierRFGs;anda273%
reductionof VOCs (at least25.0%on a year-roundaveragedbasis) for
southern-tierRFGs. PhaseII RFG is also required to reduceexhaust
emissionsof NO~by 5.5% in bothVOC-control regions,relative to a
definedbaselinegasoline.

California RFG Program

In 1991,shortlyafter passageof the CAA Amendmentsof 1990andthe
establishmentof thefederalRFG program,CARB adoptedthe California
RFG regulationsto requirecleaner-burninggasoline. This prograni is
nowacritical componentof California’sSIP(StateImplementationPlan)
to reduceair pollution andmeetthe requirementsof the CAA. Phase1.
requirements,effectiveJanuary1, 1992,required:(1) an RVP limit of
7.8psi; (2) deposit-controladditivesto preventandreducedeposits;and
(3) eliminationof leadedgasolinefrom on-roadmotorvehicles.

Refinerswererequiredto beginmakingCalifornia Phase2 RFG in
March1996 (Cal EPA 1996)and the gasolinewasintroducedstatewide
in the summerof 1996. As indicatedin Table 5-3 Part 1, California
Phase2RFGwasrequiredto limit specificfuel properties:RVP to reduce
evaporativeVOCs; sulfurcontenttoavoidcatalystpoisoningandthereby
reduceVOCs,NO~,CO, andtoxic emissions;aromaticscontentto reduce
theatmosphericloadingof mono-andpolycyclichydrocarbonslinked to
ozoneformation; olefins to reduceVOC emissionsreactivity; andben-
zenecontent to decreaseemissionsof this regulatedtoxic substance.
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Phase2 alsohas an oxygen requirementof L8% to 2.2% by weight
duringthe winter or CO-control season.4 (Recall that thereis also a
minimumwinteroxygenatecontentstandardof 1.8%byweightforthose
areasthathaveto comply with federalRFG requirementsfor CO (see
Table5-4)).

Introductionof the federalPhaseII RFG programwill begin in the
year2000. Becausethe California Phase2 RFG programwas initiated
in 1996andsatisfiesthe requirementsof the federalPhaseII program,
it offersanopportunityto determinetheeffect of PhaseII RFG beforeits
moregeneralintroduction. Thisaspectof theRFGprogramis addressed
in Chapter6.

Californiaallows four methodsfor determiningthe fuel properties
for RFG. First, thereis a flat-limit provision (listed in Table5-2 Part 1)
wherebyall of the fuels from a given refiner atall timesmustmeetthe
standard. Second,there is an average-limitprovision, whereby the
refiner canaveragegasolinepropertiesovertime, but with caps(upper
limits) on propertiesthat cannotbe exceededin blending. Third, refin-
erscanproducemarket-equivalentgasolineformulationsevaluatedwith
the California Predictive Model (Cleary 1998). Fourth, refiners can
producemarket-equivalentformulationsevaluatedby emissionstesting.
The emissions-testingoption for alternativeproperty limits requires
testing20 vehiclesin four technologyclasseswith differentvehiclesand
consideringonlyexhaustemissions.(Forreasonsofpracticality,refiners
tendto rely on the PredictiveModel insteadof emissionstesting.) Cap
limits andconstantRVP wereimposedon thepropertylimits. In princi-
ple andin contrastto the federalPhaseII RFG requirements,a fuel can
becertified for Phase2 of theCalifornia RFGprogramthroughemissions
testingwithout havinganyoxygenates.

FEDERAL REQUIREMENTS FOR RFG UNDER
THE COMPLEX MODEL

In afinal ruleof February16, 1994 (EPA 1994),EPAarticulatedrequire-
mentsfor RFG blendseligible for sale duringthe ozoneseasonin the

4An oxygencontentof 2%byweightis equivalentto anMTBE concentra-
donof 11.2%by volume,or anethanolconcentrationof 5.7%by volume.
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coveredandopt-inareas.Thesewerebasedupon SimpleandComplex
Models to determinethe allowablemaximaand minima of regulated
constituents.Eithermodelcouldbeusedfordeterminingformulationof
gasolinefor federalRFG throughDecember31, 1997. After thatdate,
only the ComplexModelcould be usedfor PhaseI andthenfor Phase11,
which beginsin theyear2000. Becausethe SimpleModel is no longer
beingused,only the ComplexModel will be discussedhere.

The ComplexModel providesvaluesof emissionsdueto modifica-
tion of fuel propertieswith respectto RVP, oxygenby weight-percent,
benzenecontent,sulfur, oleuins,anddistillation fraction (at 200°Fand
300°F). The valuesare generatedby a set of regressionrelationships
derivedby EPAfrom testson differing fuel formulationsperformedin the
1980sandearly1990son gasoline-fueledcarsandtrucksof numerous
modelyears(and emissions-controltechnologies).Manyhundredsof
testswereinvolved. The regulationdefinesboth summerand winter
baselinefuel propertieswith respectto eightcontentvariables,andfrom
these derivesbaselineexhaustemissionsof VOCs, NO,, toxics, and
polycyclic organicmatter,andevaporativeemissionsof VOCs andben-
zeneas the basisof comparisonfor both federalPhaseI andPhaseII
RFG. Thereis furtherallowancefor the differencebetweennormaland

high emitters,suchthat emissions-reductioncredit for eachseasonand
RFG phasemustbeweightedbetweenthem. Thecompletesetof perfor-
mancecalculationequationsfor federalPhaseII RFGsumnieremissions
in the ComplexModel is providedin AppendixC. The appendixshows
the various (flat andvariable) fuel-contentstandardsand emissions
standardsof performanceto becomputedusingtheComplexModel that
PhaseII RFG mustmeet.

The ComplexModel is complexbecauseit separatestheconsider-
ation of fuel propertiesandthe calculationof a fuel’s emissionsperfor-
manceinto manydifferentclassificationbins thatvaryby geographical
region,season,RFGphase,emittercategory,andrangeof parametersof
fuel constituents.All emissionscomparisonsrestonEPA’s definitionsof
baselinefuel propertiesandemissions(Table5-6).

THE CALIFORNIA PREDICTIVE MODEL

The California PredictiveModel is basedonly upon exhaust-emissions
measurements.Becauseevaporativeemissionsrepresenta substantial
fraction of thetotalVOC emissionsfrom LDV5, theiromissionrepresents



TABLE 5-6 Base and Example Ozone Season Phase II RFG Requirements

Polycyclic organic matter 304

((a) �27.5, (b) �29.O(southern)) sum of exhaust VOCs
+ nonexhaust’ VOCs

((a) �25.9, (b) �27.4(northern)) sum of exhaust VOCs
+ nonexhaust’ VOCs

NO~minimum reduction requirements removed effec-
tive 1/1/98

C

C

C

Additional Fuel-Content Requirements

P.)
-e

Fuel Parameter Baseline Value Quali~’ing Phase II RFGValue
0

Benzene (vol %) 1.53 �1.00
Oxygen Content (wt %) 0.0 �2.0
RVP (psi) 8.7 6.8 (expected average)
Aromatics content (vol %) 32.0 — a

Sulfur (ppm) 339 — a

Olefins (vol %) 9.2 • — a

200°F distillation fraction 0.41 — a

300°Fdistillation fraction 0.83 — a

Required % reduction from baseline computed from
Complex Mode! for (a) per gallon or (b) pooled average

Emission category Baseline value (mg/mi) over all of any refiners RFG output

Exhaust VOCs 907.0

Nonexhaust VOCs 559.31 (for southern states)
492.07 (for northern states)

NO, 1,340.0

Exhaust benzene 53.54
Nonexhaust benzene . 6.24 (southern)

5.50 (northern)
Acetaldehyde 4.44
Formaldehyde 9.70
1,3-Butadiene 9.38

Oxygen content (wt %) (a) �2.0;(b) �2.1
Per-gallon minimum 02 under option b (wt %) 1.5
Year-round maximum 02 (wt %) 2.7 (MTBE)

3.5 (ethanol)
Benzene content (max. vol %) (a) 1.00; (b)0.95
Per-gallon maximum benzene under option b (vol %) 1.5

‘Any combination of aromatics content, sulfur, olefins, 200°Fdistillation fraction, or 300°Fdistillation fraction, that

collectively results in the target fuel meeting the performance levels for the pollutants shown in the table.
b1f option b is selected, per-gallon percent reduction requirements of 25.0 (southern states) and 23.4 (northern states)

still apply.
CCollective percent reduction requirement for benzene in exhaust and nonexhaust, acetaldehyde, formaldehyde, 1,3-

butadiene, and polycyclic organic matter is �20.0per gallon or �21.5as a pooled average.
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a serious limitation of this model. The model is derived from data
collectedfrom 20 differenttestprogramsthat investigatedthe relation-
ship betweenfuel propertiesandexhaustemissions. In the courseof
thesestudies,over 1,000vehiclesweretestedusing200different fuels.
In spiteof the ratherlarge numbers,many fuels were evaluatedon a
rathersmallsetof vehicles.Only twovehicletypesweremodeled:1980-
1985 model years(i.e., the Tech3 class),andpost-1985model years,
(theTech4 class). Capslimited the rangeof fuel-propertyvalues,and
RVP washeld constantandnot treatedas a variable in the regression
formula. Perhapsholding RVP constantwasthebasis for theneglectof
evaporativeemissions;however,neglectingthoseemissionsbiasesthe
overall emissionsestimatesfor the vehicle fleet. The resultingmodel
consistsof a series of regressionequationsthat describethe exhaust
emissionsof NO~,VOCs, andpotency-weightedtoxics as a functionof
variouspropertiesof the fuel blend. For example, the N0~and VOC
emissionsfor the Tech 4 class (in units of percentreduction from a
CaliforniaPhase.!!referencefuel) aregivenby

Tech4 (N0~)= A + B(T50) + C(T90) + D(Aromatics) + E(Olefins) +
F(02) + G(SulJizr) + H(Aromaticsx 02) + 1(02)2,

Tech4 (VOC) = A + B(T50) + C(T90)+ D(Aromatics) + E(Olefins) +

F(02) + G(Sulftzr) + H(T50 x 7’9~) ÷I(T90 x T90) +

>< 0~)+ K(T90 x Aromatics)+ L(Aromatics)2,

wherethe coefficientsaregiven in Table 5-7.
There are different formulas for Tech 3 vehicles; theseare not

included herefor brevity. For a fuel to qualify for the program,the
model-predictedemissionsfor theproposedblendsmustbelessthanthe
Californiadefaultlimits. Refinersusethe modelto validatetheirblends
andto adjustlimits of fuel propertiesto fit refineryoperations.

- PERFORMANCE AND RELIABILITY OF
COMPLEX AND PREDICTIVE MODELS

The Complex Model and PredictiveModel were designed to predict
reductionsin the mobile-sourceemissionsof N0~,VOC, andtoxics as a
resultof the useof RFG. The modelsareusedto certify acandidatefuel
for the federalRFG program(ComplexModel) or California RFG pro-
gram(PredictiveModel). Becauseoftheirlimitationsasdiscussedin this

TABLE 5-7 Coefficients for the California Predictive Model forTech 4 Vehicles
Coefficient Tech 4(N0,) Tech 4(VOC)

A 6.82* 10~ -1.16

8 1.95~ i0~ 7.64* 10~

C —8.20 x iO~ . 3.89 x 102

0 4.14* iO3 1.37 x 10’

E 2.59* 102 —6.87 x io-~

F —8.99 x iO~ —1.04* 10.2

G 5.01 x 102 1.17 x i0~

H —5.79 x 10’ 2.58* 102

I 1.35* 102 1.82* 10.2

J 1.51 x i0~

K . 1.21 x 102

L -1.20* 10.2

report, thesemodelsare not usedroutinely to generateinput data for
regulatoryair-qualitymodelstoassesstheozonereductions.In Chapter
7 of this report, theComplexandPredictiveModelswere usedto evalu-
atethe relativebenefitsof RFG with andwithout oxygenatesandwith
various amountsandtypes of oxygenates. For thesereasons,some
discussionof thereliability of the modelsandtheirattendantuncertain-
ties is in order.

Both the Complex andPredictive Models arebasedon statistical
analysesof a largenumberof testsandthe data usedto developboth
modelsaresimilar. Nevertheless,substantialdifferencesexist. Someof
thesedifferencesmakecomparisonbetweenthe modelscumbersome.
Forexample,the ComplexModel yields mobile emissionsfrom a given
REG in unitsof milligramsper mile andthePredictiveModel yieldsthe
percentreductionin theemissionsfrom agiven RFG blendrelativeto the
so-calledCaliforniaPhase2 referencefuel. Therearealsomore-substan-
tive differences. Probablymost glaring of theseis the fact that the
PredictiveModel ignoresevaporativeemissions. Thereare alsodiffer-
encesof amore-subtlenature—e.g.,thePredictiveModeladoptsalinear
relationshipbetweenN0~emissionsandolefincontent,andtheComplex
Model includesalinearandaquadraticterm. As illustratedbelow,these
differencescanproducesignificantdiscrepanciesbetweenthe resultsof
the two models.
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Figure5-1 comparesthePredictiveandComplexModels’calculated
reductionsof NO,andVOC emissionsfor four illustrative RFGformula-
tions. (A moredetaileddiscussionof howvariousRFGformulationsfare
using the Predictiveand Complex Models is presentedin Chapter7.)
Note that in all four casesandfor bothmodels,the useof RFG is pre-
dicted to leadto substantialemissionsreductionsrelativeto the federal
baselinefuel (seeTable5-6). This is perhapsnot surprisingbecauseRFG
is intendedto performbetterthanbaselinefuels. However,thisdoesnot
haveto be the casea priori, and,in fact, thereis evidencethat an in-
creasein emissionscan result in some instances(WeaverandChan
1997).

Inspectionof Figure 5-1 indicatesa good deal of consistencybe-
tween the two models. For example,bothmodelspredict substantial
benefitsfrom the useof low sulfur fuel (i.e., —90% reductionin sulfur
relativeto baselinefuel). (Indeedit appearsthat the useof low sulfur
fuel will be critical to meetingthe PhaseII RFG requirementsfor VOC
andNO, emissions.)On theotherhand, the modelstendto divergein
their simulationsof the effects of oxygenates.In the caseof NO,, the
Complex Model showsa slight increasein emissionswith the useof
oxygenates,but little differencebetweenthemoderatelyandhighly oxy-
genatedfuels. However,the PredictiveModel producesavaryingeffect,
with little changewith a moderateamountof oxygenandan increasein
emissionswith a highamountof oxygen. It is likely thatthis difference
arisesfrom theaforementioneddifferent formulasusedby themodelsto
representthe effect of oxygenateson NO, emissions. In otherwords,
while bothmodelsare basedon similar data,their differentsetsof co-
variatesandassociatedparametershaveapparentlygeneratedsmall,but
non-negligibleinconsistenciesbetweenmodelresults.In thecaseofVOC
emissions,the differencesin the modelresultsarefar moresubstantial.
Forexample,the PredictiveModelyieldsgreateremissionsreductionsas
the oxygencontentis increased,while the ComplexModel predictsde-
creasingemissionsreductionswith theuseof fuel with high amountsof
oxygen.

Thediscrepanciesillustratedin Figure5-1 pointto the possibleexis-
tenceof specific problemswith oneor both of the models. Thereare
alsosomemore-generalconcernsthatneedto bebornein mind. Theuse
of the ComplexandPredictiveModels requiresa substantialextrapola-
tion of measuredemissionsfrom asamplesetof motorvehiclesoperat-
ing undercontrolledtestconditionsto real-worldemissionsfrom a fleet
of motorvehiclesusingoneor moreRFG blends.As discussedin Chap-

RFG-F

RFG-C1

RFG-63

RFG-64

RFG-F

1*0-Cl

RFG-63

RIG-64

A. NO,4 EIUIMIOIn

B. VOC EmIssions

FIGURE 5-1 Recent reductions in the mobile-source emissions from four illustrative
RFGblends relative to the federal base fuel (see Table 6-1) as predicted by the EPA
Complex Model and the California Predictive Model. The reductions were deter-
mined assuming emission rates from federal base fuel of 1340, 907, and 500
mg/mi for NO,, exhaust VOC, and evaporativeVOC, respectively, and emissions from
California Phase 2 reference fuel of 569 or NO, and exhaust VOC, respectively.
Abbreviations: F, low aromatics; Cl, low sulfur; 63, low sulfur plus moderate oxygen
using MTBE; 64, low sulfur plus high oxygen using ethanol.

ter 4, thereare myriad factorsthat canaffect real-world vehicleemis-
sions and confound attemptsto producea mobile-source-emissions.
modelusingstatisticsandregressionmodels. Moreover,the character-
izationof therelationshipbetweenemissionsmeasuredin a controlled,
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testing programand those resulting from on-road driving remainsa
scientificandtechnologicalchallenge.A potentialsourceof errorin both
modelsarises from their treatmentof high-emittingvehicles. As dis-
cussedin Chapter6, a largeportion of motor-vehicleemissionscome
from high-emittingvehicles.However,the emissionsfrom thesevehicles
are likely to be quite variableandthusdifficult to characterizethrough
samplinga smallsubsetof thetotalpopulation.All the aboveissueswill
tend to limit our ability to use thesemodelsto assessthe benefitsof
oxygenatedRFGs. SeeChapter7 for additional discussionof results
obtainedfrom the ComplexandPredictivemodels.

SPECIFICATION FLEXIBILITY AND DOWNSTREAM
CONTROL IN FEDERAL PHASE II RFG

In theyear2000,PhaseI RFGblendssold underthe federal RFG pro-
gramin thenineseverenonattainmentareasandall presentand future
opt-in areaswill be replacedby PhaseII RFG. The targetsfor fuel con-
tent andexhaust-emissionsreductionsrelative to conventional1990
baselinegasolinearesummarizedin Table 5-6. In light of the locus of
this report,it is relevantto notethePhaseII requirementfor a minimum
oxygencontentof 2% by weight.

The rulesfor meetingtherequirementsfor PhaseII arecodified in
40 CFR 80.41 (e-f) andhavebeenamendedby subsequentaction by
removal of the per-gallon minimum NO, reduction requirementsfor
refinersusingthepooled4veragingmethod.Otherlimits varybywheth-
erart arealies in a northern-or southern-tierstate.A refinermayselect
whetherto meetproductperformancerequirementson aper-gallonor
pooled-averagebasis,asunderCaliforniaregulations.Forexample,with
respectto benzene,if the formeroption is chosen,no single gallon of
gasolineproducedcancontainmorethan1%benzeneby volume. If the
latter is chosen, the pooled sample of all a refiner’s RFG sold in
nonattainmentareasmustaverageno morethan 0.95%, meaningat
leastsomeof thegasolinemusthavelessthantheper-gallonmaximum.
Similarly, the oxygencontentof an RFGsold by arefiner opting for the
pooled-averagemethod must averageat least 2J% by weight at any
time, with no individual gallon falling below 1.5% but not exceeding
21% in winter if VOC-control requirementsarein place.

Thereremainsa concernaboutpotentialabuseof the processof

addingoxygenateto gasolinedownstreamof a refinery. This practice,
called“splashblending,”involvesmechanicalmixing of finishedgasoline
or gasolineblending stockhaving front-end volatility set at a typical
warm-seasonvalue (RVP of 7 to 8 psi) with a liquid oxygenate(suchas
ethanol). Splashblending, unlike refinery-performedmatchblending
that renormalizesproductoutput to the requiredpropertiesof an RFG,
canchangethe proportionalconstituentsof agasolineby diluting (re-
placing) theirmassandvolumetricsharein eachgallon. It alsohasthe
potentialto increasethe quantityof the total fuel thatevaporatesfrom
vehiclesif the fuel’s resultingRVP is significantlyhigher. EPAsoughtto
obviate this possibilityby requiring the type of oxygenatethat canbe
addedbe stipulatedat therefineryandthusmaintainRVP integrity. It
also assuresthat evenin the “worst case,”with respectto volumetric
displacementof benzeneandother aromaticsby an oxygenate(i.e.,
about6% ethanolby volume in an ethanol-gasolineblend), Complex-
Model contentlimits can bemaintainedby blending-stockplanningat
the refinery. EPA has instituted enforcementproceduresto assure
correctblendingstock labeling,andthe entire processfor maintaining
downstreamRVP control is documentedin the February 16, 1994,
rulemakingon RFGstandards(EPA 1994).

The possibility of an increasein the volatility of gasolineafter
leaving the refinery is expectedto be low. Becauserefinersare held
liable for the performanceof their gasolinestestedduring EPA’s in situ
sampleaudits,mostrefinersnowblendoxygeninto summerRFG at the
refinery (addingit in a controlledprocessto basegasolineat very low
RVP, e.g., 6.7 psi or less). This is doneto ensurethat it matchesPhase
I propertyspecifications.Becauseformulationstringencywill increase
for PhaseII gasoline, this practiceis likely to persist. Thus, splash
blendingshould becomea nonissueas applied to RFG formulationand
saleduringthe ozoneseason.In fact, thedemonstratedconsistencyof
refiningpracticeyear-roundhaspromptedEPAto removethedistinction
betweengasolinesdesignatedas “oxygenatedfuels program reformu-
lated gasoline” (OPRG) and thosedesignatedas non-OPRG,effective
November6, 1997 (EPA 1997b).

A relatedissuehasto do with the fungibility of thegasolinesupply
(i.e.,differentblendsofgasolinethatcomplywith RFGrequirementscan
be mixed freely in the distribution systemas far downstreamas the
vehicle’s tank and the resultingmixturesthemselvescomply with the
requirements).The [(VP of anethanolblendcanincreaseslightly if tile
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volumetricshareof the ethanolfalls to a value between5%and 10%.
Thusmixing of PhaseII RFGswith andwithoutethanolcould lead to an
in-useblendthatdoesnot meetPhaseII RFGrequirements.Recognizing
thatnonlinearitiesin the relationshipsbetweenspecific fuel properties
and emissionscould give rse in the gasolinedistribution chain to a
mixtureof fuelsthatindependentlymeetRVPspecificationbutin combi-
nationviolate it, EPA conductedextensiveparametricvariation testing
within the ComplexModel. Its conclusionwas that useof variousRFG
blendswithin an area,would not giveriseto scenariosin whichapplica-
tion of the Complex Model showed nonconformity with specified
emissions-performancerequirements.(EPA 1994,pp. 7731-7732)

MODELING EVAPORATIVE VOC EMISSIONS
FROM RFG FOR SIP DEVELOPMENT

Although EPA requiresthat the ComplexModel be usedto certify the
propertiesof PEG, ameteorologicallydriven air-qualitymodel is speci-
fied to derivethe mobile-sourceemissionsfrom vehiclesusingRFG for
thepurposeof assessingtheair-qualitybenefitsof theRFGprogramand
demonstratingattainmentof air-qualitystandards.In thismethod,the
currentversionof the MOBILE emissions-factoralgorithmis to he used
asthe basisfordeterminationof the mass-emissionsratefor exhaustand
evaporativeVOCs,CO andNO,from highwayvehiclesthatisappropriate
to thelocal climatologicalregimeandtypeof gasolinesold. Air-quality
regulatoryandplanningorganizationsdo not directlyusethe Complex
Model in their forecasts,but may, for sophisticatedair analyses,apply
the ComplexModel gasoline-propertyresultsobtainedfrom refinersfor
the gasolinesold locally.

For purposesof complyingwith planningrequirementsfor attain-
ment of the ambientozonestandard,the valuesof the key variables
neededfor computationof evaporativeVOC emissionsin MOBILE (ambi-
ent temperatureand gasolineRVP) should accuratelyrepresentthe
averageconditions for the ozone “design-value”day. These are the
conditionsobservedon the day that the regulatedmaximum ozone
concentration—thedatumfromwhichambientconcentrationreduction
requirementsis computedfor purposesof SIP (StateImplementation
Plan)commitments—wasrecorded. MOBILE computesseparateemis-
sionsfactorsfor four nonexhaustcomponentsof nonmethanehydrocar-
bons(hotsoak plus resting,diurnal,running,and refuelinglosses).

The ComplexModel’s determinationof nonexhaust(evaporative)
emissionsof PhaseII RFG also involves four separatecomputations.
However, in eachcase,RVP (anddistillation temperatures)areusedto

characterize theseemissions(i.e.,temperatureis specificallynotincluded
as anindependentvariable)(40CFR80.45(c)(2-3)). Theresultsof these
four computationsare summedto yield the nonexhaustcomponentof
the overall VOC~emissions.performanceequation. The temperature
conditionsinput to theComplexModelwerebasedon averagetempera-
turesobservedon ozoneexceedancedayswhichwereestimatedby EPA
to be72-92°Ffor the northernUnitedStatesand68-95°Ffor thesouth-
ernUnitedStates-Thus,theComplexModel is broadlyrepresentativeof
highozoneconditionsin theareaswhereRFG is sold. Accountingfor the
effectsof variationsin temperatureon programimplementationswould
involve considerationsthatareoutsidethe scopeof this study,suchas
thepossible nonuniformityof PEG certificationstandardsandpossible
complicationswith the distributionof RFG.

The absenceof any,temperaturedependencyin evaporativeemis-
sionscomputationsin the ComplexModel hasraisedconcernthat the
modelmightassigntoo low a valueto the nonexhaustVOC component
of the RFG compliancecalculation. At the very leastit is quite possible
thattheVOC emissionsderivedfrom theComplexModel to certify fuels
will be inconsistentwith theemissionsderivedfrom MOBILE andused
by regulatoryagenciesin the developmentof their SIPs. However, in
preparingtheir SIPs,statescanusetheMOBILE modelto estimateRFG
effectson evaporativeemissionsby usingmoreaccuratelocal tempera-
tures.

Is thisdiscrepancyimportant? Certainly,as discussedinChapter4,
highambienttemperature(andthemagnitudeof daily temperaturerise)
playsa role in thequantityof evaporativeVOC emissionsproduced,and
it is possiblethat currentemissions-certificationproceduresunderesti-
mate the contribution of hot soaks to total evaporativeemissions.
Moreover,with low-volatility fuels suchas RFGs, it appearsthat RVP
differences,other thingsbeing equal,still dominatedifferencesin total
evaporativeemissionsfor most relevant urban ozone nonattainment
casesgivencurrenton-boardemissionscontrols.Anotherconcernis that
refinersarelimited,by currentrequirements,in their ability to craftfuels
with lower total reactivity, if they choseto do so, becausetheymight
exceedexhaustplus evaporativemass-emissionstargets. It is alsothe
case,as alludedto above,that regressionmodelsinevitably introduce
smoothingandothersimplifying approximationsthatmightbeinappro-
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priatein specificnonattainmentareas,especiallyif theyweredeveloped
from a databasedifferent from that usedto build any of the other
regulatorymodelsassociatedwith the ozone-complianceprocess.

SUMMARY
6

Gasolinehasbeenreformulatedto adjustits basicpropertiesfor various
reasonsovera very long period of time, before,in fact, air quality be-
camea major issue. The relatively recentemphasison the control of
ozoneprecursoremissionsandtoxic emissionshasprompteda newand
comprehensivegasolinereformulationstrategy.This strategyinvolves:
(1) reductionin summervolatility (expressedasRVP); (2) reductionin
reactivegasolinecomponents(e.g.,olefins)duringthesummertoreduce
theozone-formingpotentialof motor-vehicleemissions;(3) reductionin
benzeneandotheraromaticcontentof gasolinesyear-round,and (4)
additionof oxygenatesasameansto helpcontrolemissionsandto main-
tainoctaneratingusingnontoxicconstituents.Thefirst threeof these
areformally includedin thefederalandCalifornia reformulatedgasoline
programs.

Theadoptionanduseof the ComplexModel andPredictiveModel
havebeendriven by a needfor establishmentof a level playing field for
all refiners,as well asan easyandinexpensivefuel certificationproce-
dure that allows mixing of different batchestherebyfacilitating fuel
distribution. The modelsappearto meet thoseneeds. However, the
methodsusedin thosemodels to predict the in-useperformanceof
gasolinesreformulatedto meetthecriteria of thereformulatedgasoline
programs,arebasedon resultsfrom largeanddiverse,but nonetheless
limited, databases.Theymightnot accuratelyrepresentwhatactually
occursin specificnonattainmentareas,especiallywhereahighsummer-
temperaturerise producesrelatively high evaporativeVOC emissions.
Theymight evendenyrefinerstheability to formulatefuels that could
be morebeneficialon thebasisof atmosphericreactivity—anissuethat
is addressedin Chapter7.

The Effects of Reformulated Gasoline
On Ozone and Its Precursors

THE ABILITY TO distinguish the air-quality benefitsof one reformulated
gasoline (PEG) blend from that of anotherdepends,to a substantial
degree,on the overall magnitudeof the effect of RFG on air quality. If
the PEGeffect is large, thenthe effect of two blendsof PEGmight be
quite discernible. If on theotherhand,theRFG hasa lessereffecton air
quality, it is likely to be very difficult to identify which of two PEG
blendsis preferablefrom anair-qualitypointof view, let aloneto reliably
quantify theseeffects. As a preludeto Chapter7, in which an attempt
is madeto quantify andcomparethe ozone-formingpotentialof eight
differentRFGblends,thischapterassessesavailableinformationon the
overall impactof the RFG programon ozoneand its precursorsas tIe-
ducedfrom measurements.

The stepstakenin the approachto makethat determinationare
illustratedin the “DecisionTree” depictedin Figure 6-1. The chain of
inferenceproceedsfrom thetestsof theemissionsfrom a limited sample
of motor vehiclesin the laboratoryto determinationsof the influences
of the use of BEGs in light-duty vehicles (LDVs) on air quality. The
figure also indicatesthe typesof findings at eachstepalongthis chain,
from considerationsof thecurrentlyavailableandpublishedobservations
to the reductionof ozoneconcentrationsand other air-quality issues.
The sequenceof questionsaddressedarelisted below.
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FIGURE 6-1 The Decision Tree illustrates the steps taken in an effort to quantify and
compare the ozone-forming potential of various RFG blends. The figure indicates the
types of findings at each step that resulted from the committee’s considerations of
the currently available observations that are pertinent to the reduction of ozone
concentrations and olher air-quality issues. When comparing different RFG blends,
such as a blend containing ethanol versus a blend containing MTBE, it is desirable
to account for as many differences as possible between the RFG blends.

• What changesin motor-vehicleexhaustemissionsof VOCs,
NO,,, CO, or air toxics areobservedin laboratorytestswhenPEGsare
used?

• Havethechangesin emissionsfrom RFGsindicatedby labora-
torystudiesbeenobservedin emissionsstudiesusingtunnelsandremote
sensingof tailpipe exhaust?

• Are theredata to supportmeaningfulanalysisof atmospheric
datato determinethe effect of PEGs?

• Havechangesin theconcentrationsof air toxicsor oxygenates
beenobservedin the atmosphereandcanthesechangesberelatedto the
useof RFGs?

• Havechangesin theconcentrationsof CO beenobservedin the
atmosphereandcan thesechangesbe relatedto the useof RFGs?

• Havechangesin theconcentrationsof ozonebeenobservedin
the atmosphereandcanthesechangesbe attributedto theuseof RFGs?

This analysisproceedsfrom the informationconcerningthemea-
surementsof exhaustandevaporativeemissionsfrom individualvehicles
to the observationof the effectof thoseemissionson atmosphericcoin-
position. Whencomparingtwo BEG blends,it is desirableto accountfor
as manydifferencesaspossiblebetweentheRFG blends.

WHAT CHANGES IN MOTOR-VEHICLE EXHAUST EMISSIONS
OF VOCs, NO,~,CO. OR AIR TOXICS ARE OBSERVED IN

LABORATORY TESTS WHEN RFGs ARE USED?

Probablythe mostextensivesingledataseton the emissionsof motor
vehiclesusingRFGblendsisthatcompiledfrom theAuto/Oil Air Quality
ImprovementResearchProgram(AQIRP)! This study included over
3,000emissionstests. In PhaseI of AQIRP, differentsetsof 26 reformu-
latedfuelsand2 referencegasolineswere testedin fleetscomposedof
20 then-current(1989) LDVs (carsandlight-duty trucks) and14 older
vehicles (1983-1985).Further, two methanolblends (10% and 85%
methanolin gasoline)andoneindustry-averagefuel were testedin 19
fiexible.fueled and 5 variable-fuel passengervehicles. In PhaseII of
AQIRP, fuels were preparedin several sets,or matrices,to study the
effectsof individual fuel properties:(1) the compositionsettested(lie
effects of aromaticcontent,olefin content,T90 (temperatureat which
90% of massof the fuel hasevaporated),T50(temperatureatwhich 50%

‘The completesetof datafor all experimentsis availablein reportsandon
CD ROM from the CoordinatingResearchCouncil, 219 PerimeterCenterPark-
way, Suite400,Atlanta, GA 30346.
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hasevaporated),andthe additionof methyl tert-butylether(MTBE));
(2) the RVP-oxygenateset tested the effects of Reid vapor pressure
(RVP), aswell as the additionof ethanol,ethyl tert-butylether(ETBE),
and MTBE; (3) the methanolset testedvariousmethanol-gasolinemix-
tures; and (4) the sulfur-seriessettestedeffects of varying the sulfur
contentof the fuel. The propertiesof the RFGs used in the AQ1RP
compositionalandsulfur tests (and thoseused in MTBE andethanol
blendsdiscussedin Chapter7 of this report)aresummarizedin Table 6-
1.

Exhaustemissionsweremeasuredfrom thevariousvehiclesasthey
ranon a dynamometerundertheFederalTestProcedure(FTP) protocol.
Gas chromatographicand high-performanceliquid chromatographic
analysesof the exhaustemissionswere madefor all measurablecompo-
nents,including 140 structurallydifferenthydrocarbonswith from 1 to
12 carbonatonis,as well asethers,methanol,ethanol,and 12 different
aldehydesandketones.Samplesof exhaustemissionsweresegregated
accordingto the point in the cycle of engineoperation(cold start,hot
stabilized,hotstart,andcomposite)to reconstructtheemissionsinvento-
ries for various vehicularoperatingscenarios.For some fuel-vehicle
combinations,evaporativeemissionsweretested(modesof operation,
hot soak,diurnal, andrunningloss).

Emissions of Toxics

Manyof the RFGblendsusedin theAQIRP studiesshowedsignificantly
lower total massemissionsof toxics thantheindustry-averagegasoline.
This is illustratedin thecomparisonsshownin Figure6-2 for industry-’
averagegasoline(A) and oneof the RFG blendsstudied (C2). The
comparisonis madefor the olderfleet, the currentfleet, federalTier 1
vehicles,andvehicleswith “advancedtechnology.” With theexception
of formaldehyde,2theBEG blendsshowedsignificantlylower toxic emis-
sionsfor everyclassof vehicle whencomparedto emissionsresulting
from the industry-averagegasoline.
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2ManyRFGblendsappearto resultin anincreasein formaldehydeexhaust
emissions. That is attributedto the presenceof MTBE in the fuel, which can
generateformaldehydeduringcombustion.
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FIGURE6-2 Comparison ofthe mass of exhaust toxics: acetaldehyde, formaldehyde,
1,3 butadiene, and benzene (mg/mi) from the industry-average fuel (A) and an RFG
(C2), using the FTP composite. Chemicals are displayed from top to bottom as fol-
lows: acetaldehyde, formaldehyde, 1,3-butadiene, arid benzene. On the x-axis, the
results are divided into those for older, current, federal Tier-i-control, and advanced-
technolo~’cars. Source: Adapted from AQIRP Technical Bulletin No.17, 1995.

Emissions of VOCs

The specificandtotal reactivity (usingthe MIR scale)of VOCs in ex-
haust,evaporative(i.e,, diurnal andhot soak),andrunning-lossemis-
sionsfrom current-fleetvehiclesusingseveralof theAQIRP-testedrefor-
mulatedgasolinesas well as theindustry-averagegasolineareshownin
Figure 6-3. Speciationand reactivity dataon exhaustemissionswere
obtainedfrom i-Iochhauseret al. (1992);dataon evaporativeemissions
andrunninglosseswereobtainedfrom Burnset al. (1992). in thecase
of eachtypeof emission,theorderingof the fuels hasbeenadjustedto
showtheprogressionof emissionsfrom the lowest-emittingfuel to the
highest-emittingfuel, In viewingthesefigures, it shouldalsobe borne
inmindthattheozone-formingpotentialof VOCemissionsis determined
by the total massof the emissionsaswell as the reactivityof thespecies
thatareemitted. The relativecontributionof eachof thesefactorscan
be inferredby comparingthe specificand total reactivitiesof theemis-
sionsbecausethespecificreactivityis a measureof the amountof ozone
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formed per unit mass of VOC emitted and the total reactivity is the
productof thespecificreactivityandthe massof VOC (andCO) emitted
per mile traveled(seeTable 3-9). Finally, it shouldnotedthat in addi-
tion to emissionsdata for current fleetvehicles,AQIRP dataexists for
emissionsfrom olderfleetvehicles. Although the older-fleetdatadiffer
somewhatfrom thatof the currentfleet (e.g,,the orderingof the fuels
with increasingreactivity), the basicconclusionsconcerningthe nature
andmagnitudeof theemissionsreductionsthatmightbe obtainedfrom
RFG do not.

Inspectionof Figure6-3 indicatesthatrathersubstantialchangesin
the reactivity of VOC emissionscan resultfrom variations in gasoline
formulation. In the caseof exhaustemissionsfor example,the specific
reactivitiesof the fuels testedvary by a factorof 1A, andtotalreactivi-
ties by a factorof about2 (Figure6-3A). The variability in the reactivi-
ties of diurnal andhot soakemissionsare of a similar magnitude,al-
thoughtheorderingof thefuels changessignificantly (Figure6-3 B and
C). By comparison,therangeof running-lossreactivitiesisconsiderably
larger (i.e., factor of 2 variability in specific reactivity anda factor of
alniost70 in total reactivity) (Figure6-3D).3 However,the maximum
reductionin the reactivity of the VOC missionsobtainedby switching
from theindustry-averageformulationto the mostfavorableof theRFG5
testedis, in eachcase,considerablysmaller. For exhaust,diurnal,and
hot soakemissions,thereductioninspecificandtotalreactivityfrom the
industryaverageis about25% or less. In the caseof runninglosses,the
reductionis moresubstantial;i.e.,a factorof about2 for thetotal reac-
tivity,

Of coursethe most important parameterto considerhereis the
compositereactivity of all theWV emissions;i.e., thereactivityobtained
from the gasesemitted by all exhaust,evaporative,andotherloss pro-
cesses.An exampleof suchcompositereactivitiesis givenin Figure6-4.
In this case,composite,specificreactivitieswere calculatedfor eachfuel
usingthe AQIRP measurementsof exhaustemissions(weightedfor all
cycles of operation),evaporativeemissions, running losses, resting
losses,and refueling lossesfrom LDVs using the EMFAC-7Eemissions
model and the measuredvapor pressuresof the fuels. The relative

3Accordingto Burnset al. (1992),running loss emissionsweremeasured
atlessthan0.2g/teston all buttwo vehiclesin eachfleet. In thevehicleswhich
hadhigherrunning losses,differencescould be seenbetweenfuels, but fuel
effectscouldnot bedeterminedbecauseof the limited dataandits variability.

S
2

2
‘U

.2

6
‘U

I

2

0

0

• 0-
• I

• 0
• ~

•

I I
noon non

(1201 / t~0) A
4

!AioCoa Pr°j

• 0
•

•
•

•
•
•

I4III• 0

(1501
1

CO 6) /)!I19329H Idol

139

0-0 Cr

‘jj 2

.0 =

~
0-—

(ii~
C-n
.2~~5

C
>0

— U,

o Cr

~ 0)
0)

0)>
.21
0 i-

0
Co~-. Coo >
>0

C~3~U
~
CO..

U’

,—i C
th.~
.S .~ 04
.0 Ea’

Co Li 0)
I— Q’ —
0) 0

o 0
Li- 0- 0)

I
IL

0CO~.C = L)

~ ,~ 0

C -o
~ti En =

Cii
U,

ao 0 0)
‘a ~_~ .~2

-‘

W.
I a-SE
•

C”’

(o~g
DOE

(30/. o,~o6)A
4

, 008 3OPOdS

0

(30A6 j
t
C-~0) A)~k!)0?08,upads

(~~n6 fib 6) A
2

1qp0s8 ,..Ioads

41 •
t- •
ii ••

I— .•
ml,’

(30/. Eva 6) A)!40s008 ,,!,ads (OI!W itO 6) Aooq000li 0)01.



140

CD
C
I—
C,

0
0)

CO

=a
0
0~

OZONE-FORMING POTENTIAL OFREFORMUL,4 TED GASOLINE

Fuel Composition

FIGURE 6-4 Comparison of the specific reactivity (potential g OJg VOC for the total
VOC emissions) with the contribution of using industry-average fuel A and various
RFGs. (TOG (total organic gas) isconsidered to be interchangeable with VOC.) The
properties of the fuels and the compositional abbreviations shown on the x-axis are
described in Table 6-1. Emissions are displayed in the bars from top to bottom as
follows: refueling and storage, running losses, evaporative, and exhaust. For data
represented by circles, the mass of CO emissions is not included in the denominator
of the specific reactivity values plotted. The addition of CO reflects the importance
of a very low reactivity compound that is emitted along with the VOCs. Source:
Adapted from AQIRP Technical Bulletin No. 12, 1993.

weightingof thevariousemissionsto producea compositeemissionwas
madeto simulate the conditions presentin Los Angeles,California in
1995. Hereagainwefind substantialdifferencesin thereactivitiesresult-
ing from the fuels tested.The fuel range of reactivitiesfrom the least
reactive fuel (F) to the most reactivefuel (L) is a factorof about 1.5.
However, the reactivity resulting from the least reactivefuel is only
about20%lessthanthatobtainedwith the useof the industry-average
fuel.
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Another interestingfacetof the reactivitiesin Figure6-4 relatesto
the role of CO. Note in the figure thatthe circle aboveeachof the bars
representsthe specific reactivity for the appropriate fuel when the
reactivity of theCO emissionsis included. The averageincreasein the
reactivitiesfrom theinclusionof CO is 18 ±2%; theorderingof thefuels
is alsochangedsomewhat.Theseresultsclearlydemonstratethe need
to includeCO emissionswhen assessingthe ozone-formingpotentialof
LDV emissions.

ExhaustEmissionsof NO,

The AQIRF datasuggestthat the effectof RFG on exhaustemissionsof
NO, will vary dependingupon the specificpropertiesof theblend. For
example,NO, emissionswereloweredby 6 ± 1.9%~by reducingoleflu
contentfrom 20 to 5%,while reducingT90 front 390°Fto280°Fincreased
NO, emissionsby 5 ± 2.4%,and the impact of lowering aromaticVOC
contentdid not havea statisticallysignificanteffect (i.e.,NO, emissions
wereloweredby 2.1 ± 2.0%).

The effect of addingoxygenatesto the fuel tendedto producea
small increasein NO,emissions.For example,increasingethanolfrom
0 to lOs/a gaveriseto aS ±4.1%emissionsincrease.On the otherhand,
while adding15% MTBE and 17% ETBE also resultedin an emissions
increase,the increasewasnot statisticallysignificant (i.e., 3.6 ± 5.4%
for MTBE and5.5 ± 6.4% for ETBE). The averageof experimentswith
addedoxygenateswasa statisticallysignificantincreaseof 48 ± 2.9%.

By far the largest decreasein NO, emissionswere achievedby
loweringthe sulfur contentof the fUel. This effect is discussedin more
detail in the nextsection.

Effect of Fuel Sulfur Content of RFGs on Exhaust Emissions

Dramaticchangesinexhaustemissionsof all ozoneprecursors(i.e.,VOC,
CO, and NO,) were obtainedfrom the sulfur set of AQIRP tests (see
Table6-1). in thesetests,the fuel’s sulfurcontentwasvariedwhile the

4A11 uncertaintiesaretwice thestandarddeviationsof themeanexpressed
as 2o or 95%confidencelevels.
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aromaticandalkeneVOCs andMTBE compositions,as well as the T90
values,werekept relativelyconstant(e.g., fuelsY4 to Y8). Figure 6-5
showsthat the mass of hydrocarbons(1-ICs) and CO, and NO, in the
exhaustgasesgenerallyincreasewith increasedsulfur in the fuel. In
Figure6-6, it canbeseenthat themass(milligrams permile) of the total
toxics, benzene,1,3-butadiene,andacetaldehydetendto increasewith
increasingsulfurcontentof the fuel, andthatof formaldehydedecreases
somewhat.

Thus,the datafrom the Auto/Oil Studysuggesta very cleareffect
on the emissionsof mostreactiveorganicspeciesaswell asNO,CO, and
toxicswith theuseof low sulfur-containingfuels. In contrast,theeffects
of sulfur contentof the fuel on engine-outemissions(i.e., no flow
throughthecatalysts)werefoundto beverysmall.Thissuggeststhatthe
sulfur effect is related to a temporarydecreasein catalystefficiency,
mostlikely becausethe sulfurreactswith andaltersthecatalystsurface.
However,theseeffectsappearto belargelyreversibleassulfurin thefuel
is decreased.

Effect of RVP on Emissions -

Anothermajorcontributorto thereductionof LDV emissionsis lowering
a fuel’s RVP, which significantly reducesevaporativeVOC emissions.
(Exhaustemissionsarealso reduced,to someextent,by compositional
changesmadeto RFG blendsto lower their RVP.) Overall, lower RVP
appearsto be themajorcontributorto loweredVOC emissionsresulting
from the useof RFG. It is importantto notethatbeforeimplementation
of the RFGprogram,reductionsin RVPweremandatedandlikely led to
a significantdecreasein VOC emissions.However,appropriatemonitor-
ing networkswerenot in placeat thattime, andit hasbeendifficult to
quantify the impactof RVP reduction.

HAVE THE CHANGES IN EMISSIONS FROM RFG BLENDS
INDICATED BY LABORATORY STUDIES BEEN OBSERVED IN

EMISSION STUDIES USING TUNNELS AND REMOTE SENSING
OF TAILPIPE EXHAUST?

The laboratorytestsof theAQIRP indicatethatRFGcanresultin signifi-
cantdecreasesin theemissionsof theozone-formingprecursors(reactive

0.58

0.56

0 50 100 150 200 250 300 350 400 450 500

Sulfur level, ppm

FIGURE 6-5 Tailpipe emissions (g/mi) for HCs, CO. and NO, from current-fleet
vehicles fueled with various RFGsthat have very similar hydrocarbon compositions
but contain different amounts of sulfur compounds (fuels Y4 to YB in Table 6-1). In
contrast, the engine-out emissions show very little effect of the sulfur content of the
fuel, consistent with the importance of sulfur-catalyst interactions that lower the
effectiveness of the catalyst. For the plot of hydrocarbons versus sulfur level, the
upper curve corresponds to total hydrocarbons (total RH) and the lower curve
corresponds to nonmethane hydrocarbons. Source: AQIRP Technical Bulletin No.
8, 1992.
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Tunnel Studies
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FIGURE 6-6 Tailpipe emissions (mg/mile) for the toxic compounds (acetaldehyde.
formaldehyde, 1 ,3-butadiene, and benzene) from current-fleet vehicles fueled with
various RFGs that have very similar hydrocarbon compositions but contain different
amounts of sulfur compounds (fuels Y4 to Y8 in Table 6-1). Source: AQIRP Techni-
cal Bulletin No. 8, 1992.

VOC, NO,, andCO),as well as toxics. In its secondlevelof investigation,
thecommitteefocuseson whethertheeffectsof RFGblendsseenin these
laboratorytestsarealsofound in theemissionsof motor vehiclesoperat-
ing underactualdrivingconditions. Emissionsstudiesof this natureare
typically carriedout in two ways: (1) measuringaggregateemissions
from motor vehicleswithin a tunnel; and(2) measuring tailpipe emis-
sionsof individual motorvehiclesusingremotesensing. It is important
to recognizethat thesetypesof measurementsdo not provideacompre-
hensivemeasurementof emissionsfrom motor vehicles. Tunnelmea-
surementsareconductedin a restrictedenvironment,andassuch,they
areneitherair-qualitymeasurementsnoremissionsmeasurements.The
emissions datafrom tunnelstudiesonly measureexhaustplusevapora-
tive running losses,arehighly aggregated,and representasnapshotof
on-roademissionsof arepresentativevehiclefleetforspecializeddriving
conditions.Remote-sensingof tailpipeexhaust,ontheotherhand,large-
ly measuresexhaustemissions.Despitetheselimitations,tunnelstudies
and remote-sensingprovide an important calibration point between
automotive emissionstests(suchas thosecarriedout in theAQIRP) and
studiesthat attemptto identify a signal from ambientmeasurements.

A seriesof tunnel studieswas conductedby Kirchstetteret al. (1996,
1997,1999a,b)for the period from 1994 to 1997 whenfuels in Califor-
nia changedfrom PhaseI RYG to Phase2 RFG. In 1994, measurements
were performedin August and in October for vehiclesoperatingon
California Phase1 RFG fuels with andwithout the additionof winter
oxygenates,thusallowingfor assessmentof theeffectsof oxygenateson
emissions.In eachyear,intensemeasurementswereconductedfor 10
daysor moreduringlateJulyandearlyAugust. Thevehiclefleet, ambi-
entconditions,driving conditionsthroughthetunnel,thetunnel,andthe
ambientair qualityare describedin detail in Kirchstetteret al.(1999a).
Thisresearchaffordsoneof thebestopportunitiesto examinetheeffects
of various types of RFGson emissions.

Vehicular emissionswere measuredin the Caldecott tunnel, a
heavily used commutertunnel that runs in the east-westdirection
throughthe BerkeleyHills nearBerkeley,California, connectingContra
Costa Countyresidentialareasto SanFrancisco. The tunnel hasthree
two-lane bores,and on weekdays,traffic through the centralbore is
switchedfrom the downhill westbounddirection in themorningto the
uphill eastbounddirection in the afternoon.The tunnelis about0.7 mi
(1.1 kilometer) long, hasa nearlyconstantgradeof +4.2% in theeast-
bounddirection,andhasfully transverseventilationprovidedby adjust-
ablepitch fans.

Samplingwasconductedbetween4:00p.m.and6:00 p.m. when
vehiclesweretraveling in theuphill eastwarddirection.The neareston-
ramp providingaccessto the centerboreof the tunnel is locatedmore
than0.6 mi away,ensuringthatall vehiclesin the centerbore were in
the warmed-up mode.Vehicle countsper hour during the sampling
period averagedapproximately4,200. The meanmodelyear for the
fleet driving throughthe tunnelwas1989.3 for the 1995 study,1990.1
for the 1996 study, and 1990.9 for the 1997 study. Averageswere
slightly lessthanthemedianvalues.Approximateaveragefleetcomposi-
tion was 67% cars,33% vans andsport-utility vehicles,and lessthan
0.3%heavy-dutytrucks;however,light-duty trucksincreasedfrom 31%
to 35% duringthe period from 1994 to 1997, with cars exhibiting a
correspondingdecline.Vehiclestravelingthroughthetunnelwerein the
hot stabilizedmodeandaveraged37 mph. Averagevehiclespeedatthe
entrancewas32mphandattheexitwas43 mph. Instrumentedvehicu-
lar measurementsperformedduring extensivedrive-throughin 1996

Sulfur level, ppm
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providedadditional informationaboutdriving conditions. Heavyaccel-
erationand stop-and-godriving were seldomobserved. Most of the
drivingin the tunnel occurredwithin a smallrangeof speedsandaccel-
erationsthat is largely within the FTP domain.

Continuousmeasurementsof CO, CO2, andNO~weremadein the
tunnelexhaustair ata locationcloseto the exit. Backgroundgascon-
centrationsweredeterminedby makingmeasurementsin the in-coming
ventilationair. Concentrationsof CO, NOx, andVOCsweretypically25,
30,and10 timeshigherin thetunnelair comparedwith backgroundair.
Two-hour integratedair samplesfor quantifying hydrocarbonsand
carbonylsweretakenconcurrentlywith the continuousmeasurements,
andanalyzedwithin 48 hr bygaschromatographyandhigh-performance
liquid chromatography.

The 1994 Caldecott Tunnel Studies

The 1994studiesof Kirchstetteret al. (1996) aredescribedseparately
becausetheyafford an opportunityto examinethe effectsof California
PhaseI gasolinewith andwithout the additionof winter oxygenates.
Averagepropertiesof gasolineusedduringvarioussegmentsof the1994
studyaregiven in Table 6-2. Unfortunately,in addition to thechanges
in oxygen content,otherfuel propertieschangedaswell. For example,
thereis a small increasein bothsulfur and RVP in the winter gasoline.
Eachof thesetendsto resultin increasedVOC emissions.The increased
sulfur contentalsotendsto increaseCO andNO,, emissions(seeFigure
6-5)~

Thedatafrom thestudysuggestthattheadditionof oxygenates(in
the form of MTBE) to the fuel during Octoberappearedto lead to a
reductionin CO andVOC emissionsof 21 ± 7% and18 ± 10%,respec-
tively. A similar reductionin CO emissions(16 ± 3%) was measured
during the Coloradooxygenatedfuels program (Bishop andStedman
1990). NOx emissionsshowedno changeduring the two sampling.
periods. In the caseof toxics, formaldehydeemissionsincreasedby 13
±6%andbenzeneemissionsdecreasedby 25 ± 17%,butno significant
changeon acetaldehydeemissionswasobserved.

The addition of MTBE also appearedto lead to changesto the
relativeabundancesofindividualVOCsandthusmighthaveaffectedthe
reactivityof theemissions.However,analysisof thedataindicatedthat

‘Gasoline composition was determined by the California Air Resources Board

(CARB), and was based upon averaging 65 samples during the August period and
54 samples during the October period. On an oxygen weight basis, 80% of the
oxygenate was MBTE and 20% was ethanol.

bErrors are reported as 1 a (standard deviation) of the mean.
Source: Adapted from Kirchstetter et a?. 1996.

the normalizedVOC reactivity, usingthe MIR scale(seeChapter3), did
not changesignificantly from thelow-oxygenateto the high-oxygenate
period.

The 1994-1997Studies

During the five sampling periods of this study, California gasoline
changedcompositionfrom the 1994summerandfall valuesindicatedin
Table 6-2 to California Phase2 BIG. The evolution of the average
summergasolinepropertiesduringthestudyis summarizedinTable6-3.
Emissionsof all pollutantsdecreasedby between20%and40% overthe
1994to 1997studyperiod (Kirchstetteretal. 1999a).However,attrib-
utingthesechangesto aspecificcausesuchas an RFGblendis problem-
atic becauseof the difficulty in separatingthe effectsof fleet turnover
from thoseof fuel changes. Using a statisticaltime-seriesanalysis to
separatethesetwo effects,Kirchstetteretal. concludedthatthe effectof
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TABLE 6-2 Average Properties of California Bay Area Phase 1 RFG for August and
October 1994

Sampling Periot

August 1994
(Low Oxygenates)

October 1994
(High Oxygenates)

0.3±0.4 2.0±0.2
Fuel Property3

Oxygen content (wt %)
Sulfur (ppm by wt) 54 ±47
Reid vapor pressure (psi) 7.2 ±0.2

Paraffins (vol %) 47 to 54

Aromatics (vol %) 34 to 43
Olefins (vol %)
Naphthenes (vol %) 2.9 to 10.4

Benzene (vol %) 1.7 to 5.1

90±53

7.7±0.3

38to 46

26 to 35

0.4 to 7.3 4.3 to 13.4

4.1 to 9.6.

1.0 to 3.6
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an BIG was greateron VOCs thanon NO,,. No significantchangewas
observedin acetaldehydeemissions,whereastheeffectof BIG blendson
benzenewasestimatedto be a 30%to 40%reduction,andon formalde-
hyde,a 10% increase.

Kirchstetteret al. (1999b)attemptedto characterizeevaporative
emissionsthatareaffectedby gasolinevaporpressure(i.e.,thosedueto
refueling,runningloss,anddiurnalevaporation).BayAreagasolinewas
analyzedto determinecomposition,and headspacevaporcomposition
wasestimatedusingthe Wagnerequation(seeReid et al. 1987). The
individual compoundvaporpressuresweredeterminedfrom the vapor
pressureof the pure species,its mole fraction,andactivity. Combining
thatinformationwith theemissionsdatafrom the tunnel,the changeto
CaliforniaPhase1 RIG wasestimatedto causea 13%vapor-phasereduc-
tion in evaporativeemissions,andthechangetoPhase2 causedafurther
9% reduction,giving riseto a net reduction of evaporativeemissions
from CaliforniaRIGs of 20%. (Normalizedreactivityof liquid gasoline
andheadspacevaporsdecreasedby 23% and19%, respectively.)Coin-
bining that result with thosefor exhaustemissionsindicated that the
ozone-formingpotential(measuredas totalreactivityby the MR scale)
of all on-road emissionsdecreasedby 8% or less as a result of RFG
blends.The total reactivitydecreasewas lessthanthat of evaporative
massemissionsbecauseof increasedweightfractionsof highly reactive
iso-buteneand formaldehydein theexhausts(from the combustionof
MTBE).

Collectively, theCaldecotttunnelstudiessuggestedthattherewere
significant reductionsin the motor-vehicleemissionsof all pollutants
(exceptformaldehyde)between1994and1997.Thesedecreases,sum-
marizedin ‘fable 6-4,areattributableto acombinationof theuseof BIG
and fleet turnover effects,with RFG most likely making a significant
contribution. However,somecautionshouldbe exercisedbeforeusing
theseresultsto characterizetheoverall effectof RFGson motor-vehicle
emissions.As notedabove,anynumberof factorscanhavea significant
effect on emissionsfrom motorvehicles (e.g.,age, stop-and-godriving,
andcold-startconditions)thatareminimally representedin the Calde-
cott tunnel.

Finally, Kirchstetteret al. observedhigh concentrationsof ethene
andacetylenein the tunnel, which are indicative of reducedcatalytic-
converteractivity that resultsin high-emittingvehicles. Becausede-
creasesin sulfurconcentrationin gasolinehavelittle effecton suchhigh-
emittingvehicles,oneinterpretationof thestudyresults suggeststhat
high emitters,suchasolder-technologyvehiclesor vehicleswith faulty
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TABLE 6-4 Decrease in Emissions 1994-1997 Inferred
from the Caldecott Tunnel Studies3

Emission % Decrease

Co 31±5
Nonmethane VOC 43 ±S

NO, 18±4
‘A fraction of these decreases are attributable to

RFG and a fraction to fleet turnover.

catalytic converters,mightberesponsiblefor a disproportionateshareof
theVOC emissionsin the tunnel. As discussedbelow,a similarconclu-
sion wasreachedby Beatonet al. (1995) usingon-roadremotesensors
in urbanlocationsin California.

Remote-Sensing Studies

Remotesensinghasbeenusedto infer theamountof ozoneprecursors
(CO, NOandtotalVOCs) in exhaustemissionsfrom individual in-service
LDVs relativeto theemissionof CO2in theexhaust(BishopandStedman
1989, 1990; Bishopetal. 1989; Guentheret al. 1991,Zhangetal. 1993,
1996a,b,Stedmanet al. 1994, 1997, Butler et al. 1994). In this tech-
nique, light at specific wavelengthsin the infrared (lR) or ultraviolet
(IJV) spectrumis passedthrough the exhaustplumesof passingmotor
vehicles.Themeasurementandanalysis,which is basedon theamount
of light absorbedby thecompoundscontainedin theexhaust,havebeen
shown to quantitativelydetermineCO emissionsin the exhauststo
within ±5%andVOC emissionsto within ±15%(Lawsonet al. 1990;
StephensandCadle1991; Ashbaughetal. 1992).

In typical studies,the techniqueis deployedat frequentlytraveled
roadways,suchas freewayentrancesandexits.Usedthatway, the tech-
nique measuresexhaustemissionsundernominal roadwayoperation.
Thetechniquehasbeendeployedat a variety of locationsin theUnited
Statesandabroad.Provisioncanbemadeto recordthe identityof indi-
vidualvehiclesto determinethe emissionsdemographicsof the vehicle
fleet. The techniquehasbeenextensivelyusedto establishthetrendsin
emissionsasa functionof vehicularage,to monitorthe effectivenessof
vehicularmaintenanceand inspectionprograms,and to measurethe
effect of the additionof oxygenatedcompoundsto fuel to reduceemis-
sionsof CO andVOCs.

Remote-sensingmeasurementsshowthat, in everymodelyearfrom
pre-1971 to 1991 for the given fuel supply(Zhanget al. 1993; Beaton
et al. 1995), therehasbeenasteadyreductionin exhaustemissionsof
VOCsandCO (seeFigure6-7 for dataon VOC emissions).Themeasure-
mentsalso indicatethat, althoughtherehasbeena steadydeclinein
exhaustemissionsin the morerecentmodels,the exhaustemissionsfor
each model yearare dominatedby a relatively small numberof high
emitters(i.e.,thevehiclesin thefifth quintile in Figure6-7). Theresults
showthat, for eachmodelyear,properly maintainedvehiclesprovide
only a smallcontribution to the emissionsfrom that modelyearcom-
paredwith poorlymaintainedor malfunctioningvehicles.

The remote-sensingtechniquehasbeenusedextensivelyin Denver
to studytheefficacyof the useof oxygenatedfuels to reduceCO exhaust
emissionsfrom LDVs. In Denver,CO pollutionis mostsevereduringthe
winter and the Coloradoprogramspecifically targetedreductionsin
winter CO emissionsfrom LDVs by the addition of oxygenatedcom-
poundsto the gasolinesold in Colorado. In the first Denverstudy, the
CO emissionsweremeasuredfrom approximately60,000vehiclesat a
freewayon-rampduringandafter the oxygenatedfuel season.Bishop
andStedman(1989) reporteda 6 ± 2.5%reductionin CO attributable
to the useof oxygenatedfuel containing2.0 wt % oxygen. In a second
Denverstudy,Bishopand Stedman(1990)analyzedvehicularemissions
from more than117,000 vehiclesat two Denverlocations(a freewayon-
andoff-ramp)before, duringandafterawinterseasonwhenoxygenated
fuels were mandated(November1988 through February1989). They
reporteda 16 ± 3% decreasein CO emissionsfrom the useof oxygen-
ated fuel at 2.0%oxygen.

A followup studyusingthistechniquewascarriedout in Denverto
determinethe effectivenessof the 1991-1992winter Coloradooxygen-
ated fuels program(PRC 1992). Basedon the results,the percentage
reductionof COemissionswasnearlythe sameforall vehicles,andmost
of thereductionin CO emissionsattributedto oxygenated-fuelusewere
from the highest-emittingvehicles(Figures6-8 and6-9). Eventhough
a small portionof thevehiclestestedwerehigh emitters,thosevehicles
contributeda substantialportion of the CO emissions.The studyindi-
catedacomparableresultfor thereductionin exhaustemissionof VOCs.

An importantfinding of theseremote-sensingmeasurementswas
that most of the overall CO andVOC emissionsandthe reductionsin
theseemissionsfrom theuseof RIGsareassociatedwith emissionsfron~
highemittersand, morespecifically, from vehicleswith malfunctionin~
emissionscontrols. Thestudies(BishopandStedman1989,1990,1995:



152 OZONE- FORMING POTENTIAL OFREFORMULATED GASOLINE EFFECTS OF REFORMULATED GASOLINE ON OZONE AND Irs PRECURSORS 153

C,
I

I

0

0
II

z
0

S
C,
I

0

FIGURE 6-7 Localion-specific data from the Denver area using remote sensing. Part
A shows emission factors by model year divided into five groups (quintiles) in
ascending order of emissions. Part B shows the vehicle age distribution of the
measured fleet. Part C is theproduct of data from Pads A and B; percentage of total
HC (or VOC) emissions is shown foreach quintile of each model year. Source: Zhang
et al. 1993. Reprinted with permission from Environmenta/Scienceand Technology,
copyright 1993, American Chemical Society.
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FIGURE 6-8 CO emissions by model year of motor vehicle as recorded at a specific
location in the Denver area. Source: PRC 1992.

Bishop et al. 1989; Guentheretal. 1991; PRC1992;Zhanget al. 1994,
1996a,b; Beatonet al. 1995; Stedmanetal. 1997) find that theaddition
of oxygenatedfuelsreducesthe exhaustemissionsof CO andVOCs by
approximately2O% for all model yearsin LDVs with the largestemis-
sions. Forexample,Beatonetal. (1995)placedon-roadremotesensors
of exhaustCO andVOC emissionsatvariousurbanlocationsin Califor-
nia. They foundthat 7% of the vehiclesaccountedfor morethan50°/a
of CO emissionsand 10% of the vehiclesaccountedfor morethan50%
of theVOC emissions.This groupprobablyinvolves LDVs thatwerenot
well maintainedor have otherwiseimproperly functioning emissions
control systems. Becausethis finding was independentof the model
year, it implies that a relatively small percentageof vehicleswith the
highestexhaustemissionswill be the principle sourcesof the exhaust
emissionsof CO andVOCsandthatthe useof oxygenatedfuels in those
vehicleswill be of thegreatestbenefitby reducingtheexhaustemissions
of CO andVOCs by approximately20%.

Theremotesensingmethods,byvirtueof theirdeployment,observe
LDVs under“cold-start” conditions,andemissionsestimatesbasedon the
methodwill fail to accountfor the cold-startfraction of the total emis-
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FIGURE 6-9 CO emissions contribution from high-emitting vehicles (hatched) and
lower-emitting vehicles (black) by vehicle-technology grouping. High emitters are
defined as having emissions with more than 3.5% CO; lower-emitting vehicles have
emissions with less than 3.5% Co. The numberon each bar segmentrefers to the
number of cars recorded in the sample of vehicles measured at a specific location
in the Denver area. Source: PRC 1992.

sions. Becausecatalyticconverterswill operateatreducedeffectiveness
undercold-startconditions,the relativeimportanceof highemittersun-
der theseconditionsmight be less. If cold-startemissionsrepresenta
sizablefractionof thetotalexhaustemissions,thebenefitsof oxygenated
fuels maybe moreuniformly spreadacrossthelight-duty vehicle fleet.

ARE THERE DATA TO SUPPORT MEANINGFUL ANALYSIS OF
ATMOSPHERIC DATA TO DETERMINE THE EFFECT OF RFGs?

The tunnelstudiesand remote-sensingmeasurementsdiscussedin the
previoussectionhaveprovidedusefulinformationconcerningtheeffects
of RFGblendson the emissionsof avarietyof ozoneprecursors,includ-
ing CO from LDVs. However, it is difficult to relate thesesnapshot
assessmentsof LDV exhaustandrunninglossesto the actualnet effect
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of RFG5onair quality. To accomplishthis,theuseof atmosphericmeas-
urementsas an assessmentmustbe examined.

Theattributionof thetrendsof ambientozoneconcentrationsand
thoseof its precursorsto specific control policies is complicatedby the
presenceof confoundinginfluencessuch asmeteorologicalfluctuations
(NRC 1991;Raoet al. 1992,1998;Cox andChu 1993; Milanchusetal.
1998). Therefore,answeringquestionssuch as “what portion of the
changein ambientozoneconcentrationscanreasonablybeattributedto
a particularemissionscontrol policy?” requiresthe existenceof high-
quality, long-termconcentrationdatagatheredin a carefully designed
network. Therefore,it is critical thataspatiallywell-designedmonitor-
ingnetworkbein placeto measureprecursorsassoonaspossible.When
time seriesof ozoneand precursordatacovering the pre- and post-
implementationtime periodsare availablefor the regionswhere the
control programis in effectandwhereit is not in effect,onecanapply
space-timeanalysesandchange-pointdetectiontechniquesassuggested
by Raoet al. (1998),Hogrefeetal. (1998), andZurhenkoet al. (1996)
to observetheeffectsof the emissioncontrol strategyonambientpollut-
ant levels.

During the last 30 years,therehavebeenextensivedatasetsac-
quired from integratedfield measurementsandthe estimationof long-
term trendsfrom thosemeasurements.However,thesemeasurements
werenot aimedatdeterminingspecificallytheeffectivenessof particular
air-quality regulations.Themeasurementswereaimedat assessingthe
reductionsin concentrationsof criteria pollutantsor to determinethe
processesor sourcesof theprimaryemissionsthatlimit thesereductions.
In the caseof ozone, which is formed by secondaryphotochemical
reactions,thesemeasurementswere not designedto determinethe
alterationof ozoneconcentrationsthat resultsfrom the BFGs. Unfortu-
nately,whenthe planningof integratedfield measurementsor monitor-
ing fails to includedirectedobservationsto documentaparticularaspect
of air-quality regulations,it is generallynot possible to isolate these
effects from the datathat havebeenacquiredfor otherpurposes.For
thesereasons,theability to discernan “RFG signal” in theambientdata
sets is quite limited. At this time, researchersare only able to even
attemptsuch an analysisfor alimited set of relevantspecies:RFG oxy-
genates,toxics,CO, andozone. Raoet al. (1998)concludedthata goal
of trend assessmentshould be to isolate andcharacterizelong-term
(greaterthan1-yearconcentrationsof pollutants)informationbasedon
multi-variateanalysesof ambientweather,climate, andemissions.All
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long-termvariationshould beconsideredwithout regardto a particular

trendmodel (e.g., linear,step,or ramp).

HAVE CHANGES IN THE CONCENTRATIONS OF AIR TOXICS
OR OXYGENATES BEEN OBSERVED IN THE ATMOSPHERE AND

CAN THESE CHANGES BE RELATED TO THE USE OF RFG?

Benzeneis bothan ozone precursorandan air toxic and, asa result,
regulationshavespecificallytargetedits reduction. LDV emissionsof
benzenearederiveddirectlyfrom benzeneandfrom higheraromaticsin
thefuel. TheRPGprograms,with theirprescribedreductionsin benzene
and other aromatics(see Table5-3), are intendedto reduceambient
benzeneconcentrations.Althoughreductionshavebeenobservedin the
atmosphericconcentrationsof benzeneoverthe pastseveralyears(EPA
1998), the observationsarenot capableof attributingthesereductions
toaparticularcontrolstrategyor to differentiatebetweendifferentoxy-
genatesusedin fuels. Becauseoxygenatedcompoundswere addedto
RFGsspecificallyto replacebenzeneandotheraromaticcompounds,it
is reasonableto assumethatat leastpart of the observedreductionin
ambientconcentrationsis associatedwith the reduction in vehicular
emissionsas a source.To date, althoughreductionsare observedat
manylocationsin variousVOC concentrationsincluding largeraromatic
compounds,the trendsarenot sufficiently consistentto drawdefinite
conclusions.

Both MTBE and ethanolhavebeenobservedto be presentin the
atmosphere.Thesecompoundscanserveas ozoneprecursors,but be-
causetheir atmosphericreactivity is low, theyarenot expectedto beas
effectiveas more-reactiveVOCs in generatingozonein urban environ-
ments. However,like benzeneandCO, theymight be moreeffective in
ozoneformationfartherdownwindof the sourceof theiremission. Be-
causethe only identified usefor MTBE is as a motor-fuel additive, it is
reasonableto assumethat its presencein the atmosphereis associated
with theemissionsfrom LDVs usingfuelswithanMTBE additive. In this
connection,MTBE could serveas an importanttracerto determinethe
influenceof its addition to motorfuel on theothercompoundsof inter-
est.

By contrast,ethanolhasmanynaturalandanthropogenicsources.
To date, no analysishasyet beencarried out to determineif or how
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muchof the burdenof ethanolin the atmosphereis associatedwith its
useas a fuel additive.

HAVE CHANGES IN THE CONCENTRATIONS OF CO
BEEN OBSERVED IN THE ATMOSPHERE AND CAN THESE

CHANGES BE RELATED TO THE USE OF RFG5?

Becauseniotorvehiclesarethe primarysourcefor CO, theU.S. Environ-
mentalProtectionAgency (EPA) requiredthaturban areasclassifiedas
nonattainmentfor CO useoxygenatedfuels in gasoline-fueledengines
during the winter seasonbeginning in 1992. CO is primarily a winter
problembecauselow surfacetemperatureslimit the dispersionof the

pollutant andenhanceits emissionsfrom cold engines.As outlined in
Table 5-4,oxygenatedfuelsin mostCO nonattainmentareasareblended
to containa minimumof 2.7%oxygenby weight.

TheOxygenatedFuelsProgramhasnowbeenin effect for at least
five wintersin severaldifferentmetropolitanareas,a timeinterval that
might be long enoughto begin an assessmentof whether or not this
programhasor hasnot beeneffective. In fact, recently,anumberof
researchershaveattemptedto assessthe impactof fuels on ambientCO
concentrations(Mannino andEtzel 1996;Cooket al. 1997; Dolislager
1997; Whittenetal. 1997). Thosestudieshavegenerallyconcludedthat
the oxygenatedfuels programhasresultedin a discernabledownward
trendin ambientCO concentrations.However,in thecommittee’sview,
the studiesare not conclusive. The OxygenatedFuelsProgramwas
initiated in the midst of othercontrol programsand technologicalmi-
provementsdesignedto lower CO emissions. Colorado,for example,
placesrestrictionson bothwood-burningstovesanddriving timeswhen
CO concentrationsare likely to be high. Most likely, such other pro-
gramsand improvementshave had some downward effects on CO
emissions.Discerningtheportionof thedownwardCO trendin an area
that is specificallyattributableto oxygenated-fueluseis a challenging
problem. Anotherproblemarisesfrom inhomogeneitiesanddiscontinu-
flies in the way in which CO dataare reported. During the 1990s,the
reportingof CO datain theUnitedStateswaschangedfrom roundingto
the nearest1 ppm to the nearest0.1 ppm. Such discontinuitiescan
produceanartifact in atrendanalysisthatconfoundsidentificationof an
impactof a control program.
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To illustratesuch problems,CO datafrom areasusingoxygenated
fuels were analyzed.It is important to note that this analysis is not

•intendedto bea comprehensiveassessmentof therelationshipbetween
oxygenatedfuel andambientCO butjustanillustrationof thedifficulties
suchanalysescanencounter.Theregionsanalyzedarebroadlythestates
of NewYork, NewJersey,andConnecticut(NY/NJ/CT); Colorado;and
California. Within the NY/NJ/CT region,the NewYork City Metropoli-
tan StatisticalArea (NYCMSA), implementedits programduring the
winter of 1992-1993. Coloradoimplementeda statewideoxygenated
fuelsprogramin 1988,andCaliforniaduringthewinter of 1992-1993.

All datausedin theanalysispresentedherewereobtainedfrom the
EPA’sAerometricInformationRetrievalSystem(AIRS). The monitoring
sitesconsideredarelisted in Table 6-5. Thereare2 sites.inConnecticut,
10 sitesin NewJersey,8 sitesin NewYork, 16 sitesin California,and10
sites in Colorado. With the exceptionof California, thesesiteswere
chosenbecauseof the length of theirCO time-seriesrecords. The sites
in California arethe sameas thoseusedby Dolislager(1997), and are
siteswhichhavereasonablycompleterecordsthat includeviolations of
the 8-hrstandardfor CO duringl99o-1993.

Thereare someproblemswith theraw hourlydatabecauseof the
way in whichthe lowestvalues (detectionlimits) werereported.Forthe
northeastern-statessitesand Coloradosites, retaining only the daily
maximaof 1-hr concentrationseliminatesthis problem. However, for
thesitesin California, the hourlydatawerefirst roundedto thenearest
part permillion prior to extractingthe maxima. Ratherthanexamining
the reporteddaily maxima, their logarithms were examinedfor this
reportto helpstabilizethe variability dueto seasonalvariation.

The variousphysicalprocessesreflected in eachof the CO time-
serieswereseparatedinto threecomponentsthatcontributeindepend-
ently to the overall trend. Thesecomponentsarea short-termcompo-
nent(attributableto fluctuationsin weatherandday-to-dayemissions);
a seasonal-variationcomponent(attributableto the Earth’s rotation
aroundtheSun); anda long-termcomponent(attributableto secular,or
lasting,changesin climateor emissions).It is this lastcomponentthat
is most importanthere,becausethe effect of control policies must be
manifestedin this component.

Table6-5 showstheamountcontributedbyeachcomponentto the
total varianceof the dataat eachmonitoringsite. In all threeof the re-
gionsstudiedhere,theshort-termcomponentcontributesthemostto the
total variance,especiallyin the NY/NJ/CTregion. The contributionof
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Table 6-5 (Continued)
0

Percent Contribution to the Total
Variance Implementation %Improve- 2o -Level

AIRS ID Station Location Short-term Seasonal Long-term Date (~ymmdd) mont (A) for A (%~

360610062 New York City NY 49.6 3.3 43.9 921101 -4.2 10.6

360632006 Niagara Falls NY 80.4 2.9 13.6 N/A 5.7 6.5

360930003 Schenectady NY 73.5 11.2 10.4 N/A 0_i 11.8

060190008 Fresno CA 49.1 37.4 1.3 921101 -4.3 13.0

060371002 Burbank CA 49.3 32.7 8.3 921101 -1.7 5.2

060371103 Los Angeles CA 63.7 26.1 2.2 921101 1.3 3.0

060371201 Reseda CA 57.5 26.7 7.4 921101 -7.5 7.4

060371301 Lynwood CA 44.2 41.8 1.4 921101 1.8 5.4

060372005 Pasadena CA 57.6 29.1 3.8 921101 -19 5.3

060375001 Hawthorne CA 51.1 374 1.5 921301 1.6 4.7

060590001 Anaheim CA 45.9 35.4 7.7 921101 -3.0 9.1

060591003 Costa Mesa CA 49.0 37.8 1.6 921101 4.7 8.6

060595001 La Habra CA 49.4 361 4.4 921101 12.2 6.1

060670006 Sacramento CA 67.0 21.6 3.7 921101 1.0 5.4

060670010 Sacramento CA 61.6 26.7 1.6 921101 2.4 7.1

060771002 Stockton CA 65.4 24.2 2.1 921101 11.2 5.2

060850004 San Jose CA 48.9 35.7 4.1 921101 24.3 5.6

-r

060950004 Vallejo CA 59.0 29.5 1.2 921101 3.1 4.3

060990005 Modesto CA 59.2 27.8 2.8 921101 16.0 5.9

080050002 Littleton CO 64.2 19.0 9 860101 -3.0 11.6

080131001 Boulder CO 56.0 18.2 19.4 880101 9.4 13.2

080310002 Denver CO 55.3 14.6 25 880101 32.5 6.8

080310013 Denver CO 61.1 16.0 17.4 880101 4.4 3.7
080310014 Denver CO 58.1 22.7 11.8 880101 5.7 5.1
080410004 Colorado CO 64.0 15.0 15.4 880101 5.3 6.8

Springs
080410006 Colorado CO 72.3 12.0 10.9 880101 11.8 5.8

Springs

080590002 Arvada CO 60.3 19.7 13.4 880101 23.7 7.0
080691004 Fort Collins CO 61.7 22.6 9.1 880101 17 12.2

081230007 Greeley CO 56.4 29.4 5.2 880101 15.6 4.2

a~positive value corresponds to a decrease in CO levels; a negative value corresponds to an increase.
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SeasonalComponentof Coat Riversidethelong-term componentis large in NY/NJ/CT andColorado,but very
small in California.

The behaviorof the CO time-seriesat Riverside,California, is pre-
sentedin Figure6-10.(Note thatRiversideis not includedin Table 6-5.)
A changein the detectionlimits and resolutionor data-reportingprac-
tices around1994 is apparentfrom an inspectionof the lower values
shownin Figure6-bA. Thestrongestdeclinein CO levelshasoccurred
since1987 (seeFigure6-1OD). It shouldbe notedthatCalifornia intro-
ducedPhase2 RFG in 1996andwinter oxygenatesin 1992. The pres-
enceof strongdownwardtrendsin CO throughoutthe time seriesin the
post-1987periodcomplicatesevaluationofmid-serieschangesto regula-
tory policy. Examinationof CO concentrationsbeforeandafter imple-
mentationof the oxygenatedfuels programmightvery well indicatea
decreasein CO, but this decreasemaybeindicativeof theoverall down-
ward trendthat beganwell prior to the implementationof the program
asopposedto the programitself.

To discernthecontributionof oxygenatedfuels to a trendsuchas
that depicted in Figure 6-10, an analyticalapproachis neededthat
attemptsto identify an abrupt“break” or changein thetrendline at the
time the programwas first implemented. One suchapproachusesa
linearregressionon thelong-termcomponent(i.e.,trend)for theperiod
prior to theprogramimplementation.Thatlineartrend,prevailingprior
to implementationof the program, is removed from the long-term
componentof theentiretimeseries.Lineartrendsarethenestimatedfor
the detrendeddata for the pre-andpost-implementationtime periods.
(Bydefinition, theslopeandinterceptof thetrendfor thepre-implemen-
tation timeperiodarezero.) Thechangein the intercept(A) in thepre-
implementationtimeperiodatthedateof fuelsprogramimplementation
is anestimateof thepercentchangein CO concentrationsattributableto
that program. A confidencelevel (2o) for the change,A, is alsocom-
puted. A is positive (negative)for a decrease(increase),i.e., improve-
ment (deterioration),in CO levels.

Valuesof A for eachsiteincludedin thisstudyarelisted inTable6-
5 alongwith their respective2o confidenceintervals. WhenA is greater
than2o, the value derivedfor A is statisticallysignificantat the 95%
confidencelevel; whenA is smallerthan2o, the effects of theoxygen-
atedfuels programon CO at thatsite cannotbe discernedreliably from
thedata.
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FIGURE 6-10 Daily maxima of Co concentrations at Riverside, CA, from 1980 to
1997 (A). Three components of the overall trend are seasonal (B), short term (C),
and long term (D).

Examinationof the A and 2o values in Table 6-S revealsvaried
resultsfor the sites.5 Most siteshadpositive A values(indicative of a
benefit from the oxygenatedfuels program). However, a substantial
fraction (14out of 46) of thesiteshadnegativeA values,andfor many
of the sites(23 out of 46) the A valueswerenot significantatthe 2o (or

5Verysimilar resultswereobtainedwhenthedateof programimplementa-
donwas shiftedby ±6-monthincrementsor whenthe analysiswas restricted
to datagatheredduring the monthsof Octoberto February—theperiod when
oxygenatedfuels areused.
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95%) confidenceinterval. Thus,while this analysissuggeststhat the
oxygenatedfuels programprobably hashad somesmall ameliorative
effect on CO concentrations,its impactdoesnot appearto be spatially
uniform andin manycasesis too small to discernwith a highdegreeof
statisticalconfidence.

A very similar conclusionwasreachedin a reportof the National
ScienceandTechnologyCouncil (NSTC 1997). The NSTC report re-
viewed various studiesrelating to the ambientair-quality effects of
oxygenatedfuels. It concludedthat CO concentrationsin urbanareas
havebeendecreasingat a rateof 2.8%per year for the last 10 years.
This decreaseis attributableprimarily to EPA-mandatedmotor-vehicle
emissionsstandardsandimprovedvehicularemissionscontrol technol-
ogy. However,the NSTC reportconcludedthat the benefitsof oxygen-
ated fuels on ambient air quality in cold climate areascould not be
confirmed. (SeeAndersonet al. (1994) for additional information on
the influenceof oxygenatedfuels on ambientCO.)

HAVE CHANGES IN THE CONCENTRATIONS OF OZONE
BEEN OBSERVED IN THE ATMOSPHERE AND CAN THESE

CHANGES BE RELATED TO THE USE OF RFGs?

Assessingthe effects of RFG on ambient ozone air quality involves
challengessimilar to thosediscussedabovefor CO. Forexample,Larsen
andBrisby (1998) attemptedto assesstheeffect of California’s cleaner-
burni~nggasolineprogramon ozoneconcentrations.In that study, for
the Sacramento,SouthCoast,andSanFranciscoBayareas,Larsenand
Brisby reportedozone decreasesof 14%, 17%, and4%, respectively.
However,the contributionof cleaner-burninggasolineto this decrease
is uncertainbecauseof the presenceof many other ongoing ozone-
mitigation efforts. To addressthisproblem,LarsenandBrisbyassumed
thatthe contributionof thecleaner-burningfuels programto theoverall
ozonedecreasewasproportionalto the estimatedpercentreductionin
theprecursoremissioninventoryresultingfromtheprogram.Thus,even
thoughtheLarsenandBrisbystudywasbasedon ambientozoneconcen-
trations,the attributionof a portionof the observedozonedecreaseto
theuseof cleaner-burninggasolinewasderivedfrom anemissioninven-
tory anddoesnot constituteempiricalverificationof programeffective-

To further illustrate some of the difficulties with applying trend
analysis to ambientozonedata,considerthe log-transformedozone
concentrationsfrom Riverside,California,presentedinFigure6~11.6As
in theCO analysis,thedataaredecomposedinto itslong-term,seasonal,
andshort-termcomponents.Becausetheinformationfrom themoving-
averagefilter (Zurbenkoet al. 1996) usedhere is not reliableat the
beginningandat the endof the time-series,data for the first and last
yearsare not included in thesefigures. At this site, the long-term,
seasonal,andshort-termcomponentscontributeabout2%, 63%, and
34%, respectively,to the totalvarianceof the ozonedata.

To examinewhethertheuseof RFGsin Californiahadanimpacton
ambientozoneconcentrations,dataduringthe 1980-1997period from
severallocationsin the Los Angeles Air Basin of California were also
analyzed. As was the casefor the CO analysisin the previoussection,
an overall downwardtrend in ozone over the past 15-yearperiod is
evidentin the long-termcomponentat Riverside(Figure 6-lbD). Be-
tween1981 and1996,ozonehasdecreasedby about30% at Riverside;
the largestdecreaseof about20% in ozone concentrationsoccurred
between1989 and 1993. Ozonethen increasedslightly in 1994,and
thendecreasedagainin 1995.

Whereastheoxygenatedfuelsprogramwasimplementedin Califor-
nia in 1992,the RFG programwas implementedin 1996. Figure6-11.
indicatesthe presenceof astrongdownwardtrendin ozonebeforethese
programswere implemented. Unfortunately,data for the timeperiod
after the RFG programwas implementedare not yetavailablefor this
typeof analysisto clearlydiscernthe impactof this control strategyon
ozoneair quality.Forexample,if anabruptchangeof 10% in themiddle
of ozonetime-seriesdataillustratedin Figure6-11 were introduced,it
would contributeonlyabout0.5%to the totalvariance. ‘Ibis illustrates
thatthe detectionof anyabruptchangeof the orderof 10%or less and
its attributionto a specificcontrolof an emissionis a formidabletask.

Theseresultsdemonstratethe difficulty in linking a particular
emissions-controlpolicy to a changein ozoneconcentrations.Clearly,
the problemof assessingthe effectivenessof a particularair-pollution
control programrequiresfurtherdevelopment.

6Therationalefor usingthelog-scalefor ozonewas discussedby Raoet al.ness. (1997)
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plexModel, EPAexpectsthatthisactionwill result in reductionsin both
exhaustand evaporativeemissionsof VOCs andsomeair toxics from
LDVs, as well as LDV exhaustemissionsof CO and NOT. It is further
believedthat theseemissionsreductionswill helpalleviatethe severity
of the ozonepollution in the severenonattainmentareaswhere the
program is to be implemented,although, for the reasonsdiscussed
above,theseeffects arenot expectedto be largeor evenobservable.

Will theprojectedair-qualitybenefitsofPhaseII of the federalRFG
programbemet?As with anyregulatoryprogram,thecommitteerecom-
mendsthat a completeandcomprehensiveRFG program should in-
clude—partand parcel—aplan for documentingthe impact of the
programandassessingtowhatextenttheexpectedbenefitsarerealized.
Thecommitteefurtherrecommendsthat this planbe organizedaround
addressinga progressionof threescientific questions7that attemptto
documenttheeffect of PhaseII RFGon ozoneprecursorcompoundsand
their ozone-formingpotential. (Ideally, sucha plan would include a
fourth questionthat addressestheeffect of the PhaseII RFG on ozone
concentrations.Howeveras discussedabove,it is unlikely that such a
signal in ambientozone concentrationscould be discerniblegiven the
relativelylargevariability in ozone,the myriad factorsthataffect ozone
concentrations,and the rathersmalloverall impactRFG is projectedto
haveon ozone.)The threequestionsrecommendedherefor consider-
ation arebriefly discussedbelow.

Question1: Do in-usePhaseIt RUG blendsdecreasethe emissionsfrom
LDVs?

C 0

FIGURE 6-11 Daily maxima of ozone concentrations at Riverside, CA, from 1980 to
1997 (A). Three components of the overall trend are seasonal (B), short term (C),
and long term (D).

DOCUMENTATION OF RFG EFFECTS IN
A FUTURE OBSERVATIONAL PROGRAM

On January1, 2000, federalPhaseII reformulatedgasoline(RFG)will
be requiredin commerciallyavailableLDVs operatingin areasclassified
as beingin severenonattainmentof the NationalAmbientAir Quality
Standard(NAAQS) for ozone.On the basisof estimatesfrom the Com-

Thisfirst questioncanbe addressedin muchthe samewaythat the
potentialair-quality benefitsof RFG were initially assessedin studies
suchastheAQIRP andCalifornia EthanolTestingProgram(seeChapter
7). Representativevehiclescanbeselectedandthensubjectedto emis-
sionstestsusingdynamometers,etc.In thiscase,however,actual,in-use
Phase11 RFGwould be usedinsteadof prospectiveRFG formulations.
Fungibility issues,suchasthatrelatedtoin-tankblendingof PIGs,could
then, in principle,be directlytestedandassessed.

7Thesequestionstendto mirror theprogressionof questionsincludedin the
DecisionTree in Figure 6-1.

166 OZONE-FORM/NC POTENT/AL OFREFORMULA TED GASOLINE

Daily Maximumci 0~at Riverside Seasonal Component of 0~at Riverside

a

C

0

0
C

1.0

.~ 0.5

S
C

~ 0.0
0
0)
C
a

0

-1.0

81 83 85 87 89 91 93 95

t., ~I III

81 83 85 87 89 91 93 95



168 OZONE-FORM/NC POTENTIAL OF REFORMULATED GASOLINE EFFECTS OFREFORMULA TED GASOL/NE ON OZONEAND ITS PRECURSORS 169

Question2: Arechangesin emissionsresultingfrom the useofPhaseIIRFG
blendsobservableunderdriving conditions?

Althoughmeasurementsof LDV emissionsin a laboratorysetting
areinformative,theydo not necessarilyrepresenttheemissionsof LDVs
in operation under actual driving conditions. Confirmation that
laboratory-measuredemissionreductionsalsooccuron the roadcan be
obtainedthrough tunnelstudiesand remotesensingof tailpipe emis-
sions. As notedearlierin this chapter,thesemeasurementscharacterize
LDV emissionsundera limited set of conditionsand,as such, do not
comprehensivelyquantifyLDV emissions.Nevertheless,theydoprovide
a real-world testof the emissionsandassucharean importantstepin
linking laboratory-measured[DV emissionsto anambientconcentrations
signal.

Question3: Arechangesin emissionsresultingfromtheuseofPhaseIIRFG
blendsobservableasasignal in theambientconcentrationsofozoneprecur-
sor compounds?

Establishingtheconnectionbetweenchangesin WV emissionsand
theambientconcentrationsof the compoundscontainedin thoseemis-
sionsis a more-formidabletask. Themost-straightforwardapproachfor
accomplishingsuchataskis throughthe useof time-seriesanalysesof
a long-term recordof ambientconcentrationsof VOC, CO, andNO~to
isolatea signal thatcanbe associatedwith PhaseII RFG. However,this
approachpresentsa variety of challengingproblems. The time-series
record must encompassa period significantly before as well as after
initiation of PhaseLI RFG and the datasetmustincludehighly accurate
andprecisemeasurements.Evenunderthosecircumstances,identifica-
tionof a shift in thetimeseriesof thequantityof interestdueto RFGcan
beobscuredby othertransientfactors.(e.g.,meteorologicalvariationsor
implementationof otheremissionscontrol programs).Therefore,there
is a needto developand evaluatetechniquesfor detectingambient
effectsofacontrolprogramseparatelyfrom theeffectsof meteorological
variability.

For thosereasons,it is recommendedthatanalternativeapproach
be taken to documentthe effect of PhaseII RIG usageon ambient
precursorconcentrations. This alternateapproachwould be to use
measurementsof varioustracersin conjunctionwith measurementsof

VOC, CO, andNOx to (1) characterizethecontributionsof WV emissions
to the concentrationsof ozone-precursorcompounds;(2)estimatethe
ozone-formingpotentialof thesecompoundsthroughtheapplicationof
various observation-basedmethods (e.g., Cardelino and Chameides
1995); and (3) documentthe changein this contributionthat can be
attributedto the useof RFG. Tracerspeciesthatwould be usefulin this
regardincludethosethat could beusedto identifyLDVs emissions(e.g.,
acetylenefor LDV exhaust),aswell as thosethatcould serveasa finger-
print of emissionsfrom LDVs usingRFG (e.g., MTBE). Thesemeasure-
mentswould ideally be madein a varietyof locationswithin arid stir-
roundingeachseverenonattainmentareato documenteffectsoccurring
on regionalscalesas well as local or urbanscales.Especially nportaut
in this regardwould be the enhancementof monitoringcapabilitiesin
rural areasof the United States.

SUMMARY

The first investigationin thischapterfocusedon determiningif changes
in ozoneprecursors(NO~or VOC5, CO, air toxics, andoxygenates)have
beenobservedin the emissionsstudiesdoneon individualvehiclestested
undercontrolledconditionsin the laboratory.Themostcomprehensive
studyundertakento (lateof theeffectsof varyinggasolineproperties,the
Auto/Oil Air Quality ImprovementResearchProgram(1989-1995),
indicatedthat substantialozone-precursoremissionsreductionbenefIt
should be achievedby RFG. Decreasesin the ozone-formingpotential
(as measuredby the MIR scale)of emissionsfrom LDVs of as much as
20% appearto be possible.Themostdramaticeffectsonozone-precur-
sorexhaustemissionsseenin the variousgasolinecompositionalmacri-
cesstudiedwerethosedueto lowering thefuel’s RVPandthe amountof
sulfur-containingcompounds.Only slight reductions,lessthan10%,in
the CO andVOC emissionscan be ascribedto the addition of either
MTBE or ethanol.

Thesecondinvestigationfocusedondeterminingif changesin NO,
or VOC5, CO, air toxics, andoxygenates,havebeenobservedin the
emissionsstudiesdonein tunnelsor from remotesensingof exhaust.
From a qualitativepoint of view, thesestudiesappearto be consistent
with the laboratorytests. Reductionswereobservedin the LDV emis-
sionsof NO~,VOCs, CO, andvarious toxics, and theyappearto be at
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leastpartiallyattributableto the introductionof RIGs. Formaldehyde
emissionswere found to increase—mostlikely from the combustionof
MTBE. Thesestudiesalso indicatedthat high-emitting vehicles are
responsiblefor a disproportionateshareof theVOC andCO emissions.
Thetunnelstudiesandremote-sensingmeasurementsalsoindicatedthat
theadditionof oxygenatesto fuel substantiallyreducedtheemissionsof
CO andVOCs from thesehigh emittingvehicles,perhapsbecausethese
high-emittersare operatingwith faulty or nonfunctioningcatalytic
converters.However,the data from thesestudiescould not he usedto
discernthe relativeair-qualitybenefitsof fuels usingMTBE or ethanol.

The third and final investigationsoughtto identify RIG effectsin
the atmosphereby analyzingambientdata. Such an undertakingis
easily confoundedby competing and offsetting interferences(e.g.,
meteorologicalvariations and the existenceof other contemporary
controlprograms),andstatisticallysignificanttrendsspecificallyattribut-
able to the RFG programcould not be identified. Severalareasof the
country haveseensignificant improvementsin air quality, including
reductionsin ambientCO andozoneconcentrations.In the caseof CO,
it appearsthat someportionof the decreasecan be attributedto the
additionof oxygenatesto fuelsbut themagnitudeof theoxygenateeffect
is not spatiallyuniform and in someareasis too small to discernwith
statisticalconfidence. In the caseof ozone,it is not clear if anyportion
of the concentrationdecreasecan be directly associatedwith theaddi-
tion ofoxygenatedcompoundsto motorfuel or thedevelopmentanduse
of RIG.

Thus,it wouldappearthatRFGshaveanimpacton ozone-precursor
emissionsfrom LDVs by reducingboth the mass and ozone-forming
potentialof theseemissions.However,discerninga statisticallysignifi-
canteffectof PIGson ambientozoneconcentrationshasthusfar proven
to be quite difficult. This is most likely becauseambientozoneconcen-
trationstendto bequitevariablefromyearto yearandtheRFGprogram
is butoneof a multitudeof ozone-mitigationprogramsunderwayin the
nationwhoseimpactonozoneisof a similaror largermagnitude.Thus,
air-qualitymodels—whichare themselvessubjectto significantuncer-
tainty—presentthe only avenuefor estimatingthe magnitudeof the
effect of RFG on ozoneconcentrations.As describedin Text Box 6-1,
simulationsusing thesemodelsindicate that the overall reductionin
ozonefrom theimplementationof theRIG programis likely to beafew
percent. Thisfinding shouldnot be interpretedto meanthatPIG useis

TEXT Box 6-1 Model Predicted Effects of RFG
On Ground-Level Ozone

Laboratory tests and tunnel studies suggest that the use of RFGs in LDVs
lowers the ozone-forming potential (as measured by the MIR scale) of an
individual vehicle’s emissions using an RFG blend with the lowest MIR by
about 20% (see Figure 6-4). Yet, analysis of ambient data is unable to
identify a discernible impact on ground-level ozone concentrations. Does
that indicate an inconsistency or gap in our understanding of the processes
that lead to the formation and accumulation of ozone pollution? Not
necessarily. In the first place, ozone concentrations generally do not
respond in a linear fashion to decreases in VOC5 (see discussion in Chapter
2). Moreover1 emissions from LDVs represent only a fraction of the total
VOC emissions in an airshed. Thus, it might be expected that the effect on
ambient ozone of a —20% decrease in the reactivity of motor-vehicle
emissions would be considerably less than 20%. .

A more quantitative assessment of the probable impact of RFGs on
ozone can be made using air-qualify mddels. One could ask, Are changes in
emissions resulting from the use of RFG blends observable in air-quality
models, and has the performance of those models been evaluated?. A
version of the gridded Urban Airshed Model was exercised as part of the
AQIRP study to do just such an assessment (AQIRP 1997a). !n this study,
the Urban Airshed Model was used to simulate ozone concentrations when
different RFG fuels were used for conditions typical of Los Angeles, New
York, and Chicago-Milwaukee. Simulations.were first carried out for a
historical ozoneepisode in each metropolitan area (Los Angeles, August
26-28, 1987; New York, July 9-11~1988; and Chicago-Milwaukee, June
24-28, 1991). REG effects on ozone were then estimated using the same
meteorological conditions that occurred during the historical episode and
emissions projections for 2090 and 2010 that included the emissions
reductions for motor vehicles predicted by the data from the AutoJOil study.
Table 6-6 lists the predicted change in peak ozone for each simulation for
changes in T50, T90, and sulfur content of the fuels. As might be expected,
lowering these fuel properties does in tact lead to a decrease In peak ozone
concentrations. However, the ozone decrease Is quite small—about 1 part
per billion by volume (ppb) orless—although in many cases still
statistically significant

(Continued on next page)
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(Continued from previOus page)

An independent model assessment of the impact of the federal RFG
program was carried out by the New York State Department of
Environmental Conservation using the emissions inventory prepared by the
Ozone Transport Assessment Group (OTAG). The study Involved a regional-
scale application of the Urban AlrshedModelWAM-V) with a modei
domain covering much of the eastern third of the continent. The regions
where the RFG program was Implemented during 1995 is presented in
Flgure6-12. A compari~onof model simulations of a multi-day ozone
episode duringJuiy 7-18, 1995,with and;.without the RFG program
indicates ozone decreases up to 3 ppb over Chicago, Lake Michigan, and
along thenortheastern corridor (see Figure,6-13). Of course it should be
recognized that air-qualify models slinlilationsare themselves uncertain
because of the unäertainties in both the algorithms (e.g., the chemical
mechanisms) and the Input data (e.g.~.theemission inventories) used to
run themodels.. Even recognizing these uncertainties, it seems unlikely
that the RFG program could result in ozonedecreases of more than 10
ppb~,Forexample,even if the mobile sOurce emissions used in the model
simulations were underestimated bya factor of 2, the maximum ozone
decrease would probably be less than 10% at most because peakozone
concentrations generally respond nonlinearly to changes in ozone precursor
concentration

Thus, mddei sirndlátionspredlctthátRFG has a beneficial effect of a
few percent on overall ozone concehtrationEL~it Is therefore not surprising
that discerning an RFG-signal in the ambient ozone data has proven to be
difficult.~italsO suggests that it will be tifficulito discern the impacts of
two RFG blendswlth subtle differencesin their properties. This issue is
addressed as a case study in Chapter 7~

ineffective. As notedearlier, reductionof RVP in gasolineprior to the
RFG programis thoughtto havehada significantair-qualitybenefit.As
discussedin thenextchapter,sucha reductionsize limits the ability to
documentthe benefitsof ItFGs andto reliably distinguishbetweenthe
ozone-formingpotentialsof differentRIG blends.

TABLE 6-6 Predicted Effects on Peak Hourly Ozone ConcentrationsExpected Due to
Changes in Certain Fuel Composition Variables in Three Cities As Estimated by Using
the Urban Air Shed ModeV

Change in Fuel Variableb

T50d(2150Fto T90(325°Fto Sulfur (320 to
City, Year, Episode Dayc 185°F) 280°F) 35 ppm)

Change in Peak Ozone (ppb) from
That of the Historical Episode

Los Angeles, August 28, 1987

2000 —0.3 ±0.3’ -0.9 ±0.3k

2010 —0.1 ±0.2 —0.1 ±0.2

New York, July 11, 1988

2000 -0.1 ±0.1 -0.4 ±0.1* -0.4 ±0.1*

2010 0.0 ±0.1 0.1 ±0.1 -0.4 ±0.1*

Chicago—Milwaukee, June 26, 1991

2000 -0.8 ±0.7* -1.2 ±0.9* 0.0 ±0.9

2010 —0.2 ±0.7 -1.0±0.8* 0.4 ±0.8

Chicago—Milwaukee, June 27, 1991

2000 . —0.6 ±0.5* -0.9 ±0.7* -0.2 ±0.7

2010 -0.1 ±0.4 -0.5 ±0.4* 0.1 ±0.4

Chicago—Milwaukee, June 28, 1991

2000 -0.2±0.3

2010 -0.1 ±0.2 —0.3 ±0.2* 0.0 ±0.2
aThe predicted effects may not be reflective of the greatest change in gasoline

composition such as changes from the late 1980s to when California Phase 2 RFG
began to be used.

bMain effects are shown with 95% confidence intervals. An * denotes statisti-

cally significant effects.
cData from the location and date that was used to establish meteorological

conditions employed in each simulation.
dThe effects of I~on ozone may be underestimated because only the effects

on emissions from lower exhaust emitters are included. The effect of T5~on emis-
sions from higher emitters could not be estimated from the available data and are
assumed to be zero.

Source: AQIRP Technical Bulletin No. 21, 1997a.
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FIGURE 6-13 Maximum change in ozonefrom REQ as predicted by the UAM-V model
for July 7-18, 1995 episode.

7

Using Ozone-Forming Potential to
Evaluate the Relative Impacts of

Reformulated Gasolines: A Case Study

As DISCUSSED IN Chapter6, reformulationof gasolinehasthepotentialtc
substantiallyreducethelight-duty motor-vehicle(LDV) massemissions
of VOCs, NOR, and CO. as well as air toxics. Moreover, the emissions
reductionsresulting from the useof many of theseformulationsare
sufficiently largeto satisfythe requirementsof the federalPhaseII and
California Phase2 ReformulatedGasoline(RFG) programs.Thus, it is
believedthatthe federalandCaliforniaRIGprogramswill haveamiii
gatingimpacton ozonepollution,althoughvariousanalysessuggestthai
the magnitudeof the effect is not likely to be large(i.e., on the order 0:

a few partsperbillion) evenif emissionsfrom LDVs areunderestimatec
by a factorof 2 or so.

Thischapterturns to amore-subtleandmore-difficultissue:name
ly, discerningthe relativeair-qualitybenefitsof RFGblendsusingdiffer
ent amountsandtypesof oxygenatedcompounds.Becausethe massa
VOC emissionscan be a misleading indicator of the ozone-formin:
potential of theseemissions,the committee assessedthe• air-qualit
benefitsof variousRIG blendson the basisof the reactivity of dies
emissionsas well as theirmass. It should be notedatthe outset,how
ever, thatthis is adifficult task. Recall from Chapter6, thattheovera
reductionin the reactivityof LDV emissionsfrom theuseof RFGs (ov

FIGURE 6-12 The areas where the REQ program was implemented during 1995.

175



176 OZONE-FORMING POTENT/AL OFREFORMULATED GASOLINE USING OZONE-FORMING POTENTIAL TO EVALUATE IMPACTS OFRFGs 177

that from conventionalgasoline)is at mostabout20%. Thevariation in
the reactivity of emissionsarisingfrom variousRIGs that differ in rela-
tively minor ways (e.g., in oxygencontent) is likely to be substantially
smaller. On theotherhand, recall from Chapter3 that the uncertainty
in thereactivitiesof a compositesetof VOCs arisingfrom asinglesource,
such as motor vehicles,is probablyalsogenerallyabout20%. Thus,a
majorchallengein thisanalysiswasdeterminingwhetherthedifference
in the reactivitiesof LDV emissionsderivedfor two or more RFGs is
statistically significant. In the analysispresentedhere,the committee
adoptedtheso-called“paired t test” to makethis determination.

In the sectionsthatfollow, a briefoverviewof the pairedt testand
its relationshipto statisticaluncertaintyis provided.This methodology
wasappliedto assessthestatisticalsignificanceof differencesin the LDV
emissionsarisingfrom a subsetof fuels studiedby Auto/Oil Air Quality
ImprovementResearchProgram (AQIRP) and the California Air Re-
sourcesBoard (CARE). These fuels and their generalpropertiesare
listed in Table7-1 (andmoredetailedfuel propertiesaregiven inTable
6-1). Two approachesareusedto estimatetheLDV emissionsfrom these
fuels: onebasedsolely on the experimentaldataarisingfrom theemis-
sionsstudiesthemselves,andtheotherusingtheComplexandPredictive
Models. In orderto assesstheroleof oxygenatesand,morespecifically,
the relative rolesof MTBE andethanol,the subsetof fuels includedin
this analysiswasselectedto providea rangeof oxygencontentsfrom 0
to 3.4%by weight (recall that the federalRFGprogramcalls for a niini-
mum oxygencontentof 2% by weight), with this oxygencoming from
MTBE or ethanol.

The subsetof fuelsusedin this studywerechosento look for the
effectsof substitutingMTBE by ethanolin otherwisecloselysimilarfuels.
Clearly,it would be preferableto usedataon MTBE-containingandeth-
anol-containingfuels with the samefuel oxygencontentor similar oxy
genatevolumepercent,with all otherchemicalandphysicalproperties
(other thanthepresenceof MTBE orethanol)beingthesame.However,

‘There areavarietyof otherstatisticalproceduresthatcould be adopted.
For example,in 1998,CARE completedasimilar analysisusingtwo methods
(CARB 1998). One involved a comparisonof arithmetic-averageswithout
estimatinguncertainty.Theotherwasamore-rigorousstatisticalapproachthat
analyzedeffectsdueto differencesin vehiclesas well as effectsdueto differ-
encesin fuel composition. Both approachesyieldedconclusionsthatarevery
similar to the onespresentedhere.

Fuel Ethanol (voi%) MTBE (vol%) Oxygen (wt%) RVP (psi)b

AQIRP Phase IC

F 0 0 - 0 8.8

S 0 0 0 8.0

U 9.7 0 3.4 9.6

T 9.7 0 3.4 93

N2 0 14.5 2.6 8.8

MM 0 14.8 2.7 8.0

AQIRP Phase ll~

Cl 0 0 0 6.9

C2 0 11.2 2.0 6.8

California Ethanol
Testing Program’

63 0 11.6 2.1 6.9

64 11.2 0 3.9 7.8
‘See Table 6-1 for a more-detailed tabulation of the fuel properties.

RVP (psi), Reid vapor pressure (pounds per square inch).
Cruel benzene, 1.4 ±0.1 voi%; aromatics, 19.1-22.2 voi%; alkenes, 3.1-5.4

voi%; sulfur, 246-345 parts per million (ppm by wt).
dFuei benzene, 0.93-0.94 vol%; aromatics, 22.7-25.4 vol%; alkenes, 4.1-4.6

vol%; sulfur, 31-38 ppm by wi.
eFtiel benzene, 0.82-0.83 vol%; aromatics, 23.3 vol%; alkenes, 4.84.9 vol%;

sulfur, 32-34 ppm by wt.

theavailabledatabasedid not allow sucha straightforwardcomparison;
the fuels chosenwerethe bestavailable to the committeeanddiffer in
thepercent(byweight) of oxygenandthe percent(by volume)of etha-
nol comparedwith MTBE (seeTable7-1).

ASSESSING WHETHER EMISSIONS AND REACTIVITY
DIFFERENCES ARE STATISTICALLY SIGNIFICANT

As discussedinChapter3, thecalculationof reactivityforanygivenVOC
or combinationof VOCscanbein errorfor anynumberof reasons(e.g.,
errorsin thechemicalmechanismusedto calculatethe reactivityfactors,



178 OZONE-FORMING POTENTIAL OF REFORM1/LA TED GASOLINE USING OZONE-FORMING POTENTIAL TO EVALUATE IMPACTS OF RFGs 179

or errorsin the speciationassumedfor theVOC mixture). As a result,
thereis an uncertaintyassociatedwith the reactivitycalculatedfor the
emissionsfrom anysource,including thosearisingfrom the individual
LDV usingvariousblendsof RIGs.The magnitudeof the uncertaintyin
thesereactivitiesis a crucial piece of information neededto decide
whetheroneRIG blend is preferableoveranotherfrom an air—quality
point of view.

Theuncertaintyinanymeasuredparameter,includingthoserelated
to LDV emissions,can arisefrom both randomand systematicerrors.
Systematicerror is definedas the differencebetweenthe truevalueof
thequantityof interestand thevalueto which themeanof themeasure-
mentsconvergesasmoremeasurementsaretaken.Thesetypesof errors
canarisefrom faultyexperimentalprotocolsor incorrectmodelassump-
tions, and introducea bias into the results. Scientistsand engineers
alwaysseekto eliminateall systematicerrors. Nevertheless,thepossibil-
ity of unidentifiedsystematicerrorscanrarelybetotally eliminatedand,
becausetheyare oftenunidentified,theyaredifficult to quantify.

Randomerrorsaresomewhateasierto characterizeby adoptinga
probabilisticor statisticalapproach.Forexample,takefuel aandfuel b
andsupposethateachfuel is testedon m differentvehicles.On thebasis
of thesem tests,themean(or average)reactivity for eachfuel canbe
calculatedfrom

(7-1)

where R~is themeanreactivity for fuel x (x = aor b), and (R31is the
reactivity for fuel x obtainedfrom test i. The varianceis estimatedby

(~)2= (m 1) ~r(R~)i - RxJ2 (7-2)
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FIGURE 7-1 The probability density distribution for a population of reactivities, R~for
fuel X about the population mean (i.t~)with a variance given by (oj2.

thereis a 68% probabilitythatan additionalmeasurementof R~will lie

betweenR~— s~andR~+ s, anda 95% probability the measurement

will lie betweenR~- 2s~and R~+ 2s~.
Althoughs~definesthespreadin thepopulationof measuredvalues

of Ic, it doesnot definethe uncertaintywith whichthemeanreactivity,
R~,is defined. To do this, thestandarddeviationof themean2is used:

$
= —y~=- (7-3)

‘fin

Together R~and(s3~describetheprobability thatanewmeasurement

of R~will havea specificvalue,with I?,, beingthemostprobablevalue

ands~describingthespreadof valuesabout R~- Whenthe probability
canbe describedby a probability densityfunction (as in Figure7-1),

2hnthis report,“uncertainty”andthe “standarddeviationof the mean”are
usedinterchangeably.It shouldbebornein mind, however,thatthismetric of
uncertaintyonly includesthat arising fromrandomerrorsandnot thosefrom
systematicerrors.

-4 -3 -2 -1 0 1 2 3 4
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The 1-s confidenceinterval (i.e., the interval betweenR~- 5
mx and

R~+ S~~)will containthetrue or actualreactivityof fuel x 68% of the
timeandthe2~

mxconfidenceintervalwill containthetruereactivity95%
of the time.

For a decisionmakerconfrontedwith choosingbetweentwo RFG
blendson the basisof their reactivity, a critical questionis whetherthe
differencein the two reactivitiesis statisticallysignificant. The answer
to thisquestionis closelytiedto themagnitudeof thestandarddeviation
of themean,5mx’ for thetwo fuels. The smallerthevaluesfor s~,the
greaterthe likelihood of beingableto establishthatasmalldifference
in reactivitiesis statisticallysignificant. Thus,by inspectionof Equation
7-3, weseethat the most usefulemissionsstudiesfor this purposeare
thosethat involve a largenumberof (vehicle) testsandminimize the
sourcesof randomexperimentalerror (e.g.,from temporalfluctuations
in laboratoryconditions).

However,simplyknowingthemagnitudesofthe5
mxvaluesdoesnot

in andof itself providethe answerto the questionof statisticalsignifi-
cance.A setof rulesmustbe adoptedfordecidingwhetheranysimilar-
ity or differencein the reactivitiesof two RIG blendsis in fact statisti-
cally significant. Typically, theserules includean appropriatetype of
statistical test and a selectionof the level of confidencethat will be
requiredto certify statisticalsignificance.Although the statisticaltest is
an objectiveprocedure,the settingof the level of confidenceis a more-
subjectiveexercisethat relatesto the concernsand priorities of the
decisionmaker. In general,the decisionmakermustdecidewhetherit
is moreimportantto avoid falselyconcludingthatadifferenceexistsor
to avoid falsely concludingthatno differenceexists. If adecisionmaker
usesa difference in the meanreactivities measuredfor two fuels to
implementagivencontrolpolicy (e.g.,choosingfuel aoverfuel b on the
basisof experimentaldata)but, in fact, thereis no differencein thereal
world, the decisionmakerhascommittedaTypeI error(falselyconclud-
ing that a differenceexists). Such an error might not haveanegative
impacton air quality, but it couldverywell incurunnecessaryeconomic
costs- If on theother hand, the decisionmakerdecidesthat the two
reactivitiesarenot significantly differentandthusdoesnot choosefuel
aover fuel b whenin fact the true reactivitiesaredifferent,thedecision
makerhasmadea Type II error (falselyconcludingthat no difference
exists). In this case,the error could havean unintendednegativeair-
quality impact. Choosingwhich error is more importantto avoid and
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settingan acceptablelevel of risk of committingeither error arepolicy
decisions.The following discussionillustrateshow onestatisticalap-
proachcan incorporate such choiceswhen assessingfuels based on
ozone-formingpotential.

Consideran experimentin which motor vehicles are randomly
selectedfor emissionstesting. Eachvehiclewill be usedto combustfuel
aandfuel b, andthereactivitiesof theemissionsareobtained,R0 andRb
respectively. The null hypothesis(typically denotedby statisticiansas
“l-l~”) is thatthereis no differencein the reactivitiesof emissionsfrom a
samplingof vehiclesusing fuel aversusfuel b, that is, ji

0
= i

1
b~ The

alternativehypothesis(denotedby statisticiansas“1-1,”), specifiesthat~t
0~

Thetwo-tailedpairedt testprovidesamethodologyfor determining
the confidenceor statisticalprobability that H0canbe rejectedin favor
of I-l,or vice versa. One of theparameterscalculatedin a pairedt test is
the so-called“p value.” This parametercanvary between0 and 1 and
•increasesas the differencein the emissionsbetweentwo fuels becomes
smallerand/orlessstatisticallysignificant. It is definedas theprobabil-
ity that thenull hypothesis,H0 is true,andit thusequalto (1 — probabil-
ity) thatH0 is false. Representativep valuesandthevariousprobabilities
implied by thesevaluesare listed in Table 7-2. For exaniple, if thep
valuefor a givenpairedt test is 0.05, thereis a 5%probability thatthe
null hypothesisis correctanda 95%probabilitythatthe null hypothesis
is incorrect. (Anotherwayof statingthisis to saythat thetwo reactivi-
tiesarestatisticallydifferentatthe95%confidencelevel.) On theother
hand,if thep valuefor agiventest is 0.95, thereis 95% probabilitythat
the null hypothesisis correct,andso forth.

Becausethep valueis the probability that the null hypothesisis
true, it is equivalentto the probability of making a Type I error (i.e.,
incorrectly choosingone fuel over anotherwhen there is in fact no
differencein their emissions).Thus, whena smallp value (reflecting
largeandsignificant differencesin the reactivitiesof two fuels) is ob-
tained,thereis a relatively small probability of making a Type I error.
In this case,the decisionmakercould choosethe lower reactivity fuel
with a high degreeof confidence. On theotherhand,whena largep
valueis obtained,a decisionmaker is likely to makea Type I error by
choosingthefuelwith theapparent,butnotstatisticallysignificantlower
reactivity.

In general,asthe probabilityof makinga TypeI errorincreases,the
probability of makinga Type II error (i.e., not choosingthe lower reac—
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Table 7-2 Representative p Values and Associated
Teston ReactivitiesR~and R~

Probabilitiesfor a Two-Tailed I

p Value
Probability (%)
That R~~ R6

Probability (%) of Making
Type I Error by Choosing
One Fuel over the Other

Probability (%) of Making
Type I Error by Not Choosing
One Fuel over the Other

0.01 99 1 High

0.05 95 5

0.1 90 10

0.15 85 15

0.2 80 20

0.4 60 40 Moderate

0.6 40 60

0.8 20 80 Low

tivity fuel) decreases.Thus,lowp valuesimply a high probability of a
TypeII errorif a decisionmakerdecidesto not choosethe lower reactiv-
ity fuel, while highp valuesimply a low probabilityof aType 11 error.

FUELS AND EMISSIONS DATA FROM THE AQIRP STUDY

As indicatedinTable7-1,eight fuelsfrom theAQIRP studywereselected
for detailedanalysishere: six fromAQIRP PhaseI andtwo from AQIRP
PhaseII. Collectively, the eight fuels provide a range of properties
relatedto oxygencontentandtypeof oxygenate.Fuel F, usedin Phase
I of the AQIRP, was an REG with low aromaticcontent, low alkene
content,low ‘1’90, andno oxygen. Fuel S wassimilar to fuel F, but with
less butane, which resulted in a lower Reid vapor pressure(RVP).
Approximately 10% ethanolwas splash-blendedinto fuels F and S to
form fuelsU andT, respectively.As a resultof thissplashblending,the
RVPs for fuels U andT wereabout1 pound•per squareinch (psi) higher
thanthe RVPsof fuels F andS. FuelsN2 and MM, on theotherhand,
containedoxygenbut in the form of MTBE insteadof ethanol. The
MTBE was fully blendedto the specificationsof fuels F and5, respec-
tively. As a result, no dilution effect on aromaticcontent,alkenecon-
tent, or ‘190 wasproducedandtheRVPsof fuelsN2 andMM wereidenti-
cal to thoseof fuels F and 5, respectively(Table7-1). Fuel C2, usedin
AQIRP PhaseII, wasalow-sulfurRFG thatcontainedMTBE andmetthe
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1996CaliforniaPhase2regulatoryrequirements(seeChapter5),where-
as fuel Cl wasa fuel blendedto essentiallythe samerequirements,hut
withoutMTBE.

Emissionsfor all PhaseI fuels (F, 5, U, T, N2, andMM) weremea-
suredusingcurrent-fleetvehicles.ThePhase11 fuels (Cl andC2), on the
otherhand,weretestedusingcurrent-fleetvehicles,federalTier I velii-
des,andadvanced-technologyvehicles (seeChapter4). It also should
benotedthatall of thevehiclesin theAQIRP studywerewell-maintained
andproperlyfunctioningandthusthedatado not addresstheprobable
substantialcontributionsfromhigh-emittingvehiclestooverallprecursor
emissions.

Tableslisting the LDV emissionsfrom eachof thesefuels derived
from the AQIRP dataarepresentedin Appendix D. Thesedatawere
gatheredusingthe FederalTestProcedure(FTP) for exhaustandevapo-
rative emissionsaccordingto the proceduresdescribedby Rueteret al.
(1992) for thePhase!fuelsandBurnsetal. (1995) for thePhaseII fuels.
In the caseof the PhaseI fuels, datafor exhaust,diurnal, andhot-soak
emissionsare presented.Although running-lossemissionswere also
measuredfor the PhaseI studyfuels, only a smallnumberof testswere
carriedout (it = 6 for fuel F; 9 for fuel U; and2 eachfor fuels 5, T, N2
and MM) andthe observedvariationswerevery large(e.g.,running-loss
massVOC emissionsfor the six vehicles testedwith fuel U variedby a
factor of —2,000). Accordingly, it is unlikely that thesedataarerepre-
sentativeof the on-roadvehiclefleet, andthustherunning-lossdatafor
thesefuels arenot consideredhere. Nevertheless,it shouldbeborne in
mind thathighrunninglossesdueto fuel leakagesandimpropervehicu-
lar maintenancecanbe an importantor evendominantsourceof VOC
emissionsfrom modernvehicles. In thecaseof thePhaseII fuels,diurnal
and running-loss emissionswere not measured.Moreover, hot-soak
emissionsfrom fuel Cl weremeasuredon onlyoneadvanced-technolog)
vehicleandonly threeadvanced-technologyvehiclesfor fuel C2. Givet
this small samplesize,theresultsof thehot-soak-emissionstestsfor thi~
classof vehiclesarenot discussedhere.

In addition to the mass of emissions,the tables in Appendix [
indicatethetotalandspecificreactivities3of theemissions.Theexhaust

3All reactivitiesdiscussedhere are basedon the maximumincremental
reactivity (orMIR) scaleandarederivedusingreactivityfactorscalculatedfrom
the SAPRC 1997chemicalmechanism.Similar conclusionsareobtainedusing
the SAPRC1990and SAPRC1993 chemicalmechanisms(seeChapter3).
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emissionsreactivitiesincludecarbonmonoxide(CO). The committee
hasfoundthatCO typically contributes15%to 25%of thetotalexhaust-
emissionsreactivity independentof the fleet type (i.e., current,federal
Tier 1, or advancedtechnology). Thus, the contributionof CO to the
exhaustreactivity is quite substantialandshould not beneglected.

Before turning to an analysisof the differencesin the emissions
from the various fuels, it is relevantto notethe ratherlargevariability
in the data from the AQJRPstudy. lnápectionof the tablesin Appendix
D revealsthat the massof emissions(in units of gramsper mile) mea-
suredfor a given fuel oftenvaried from onevehicletest to anotherby a
factorof two or moreandsometimesby morethana factorof five. This
variability is perhapsnotsurprisingin light of earlierdiscussionsin this
reportof themyriad factorsthatcaninfluenceLDV emissions.Neverthe-
less,thislargevariability—compoundedwith therelativelysmallnumber
of independenttests carried out for each fuel (typically less than
10)—tendedto producerelativelylargevariancesin themeanemissions
for eachfuel.

Giventhe substantialvariability in emissionsof thevariousvehicles
testedwith fuels A and B, the committeeused logarithm[(emissions
usingfuel A) ± (emissionsusing fuel B)] for eachvehicleusedin the
paired t test. The useof such an approachassumes,reasonably,that
substitutingfuel A forfuel B causesa constantfractional (orpercentage)
changein the emissionsbeingconsidered(CO, NOR, VOC, etc.). When
anumberof testswasavailablefor a given vehicle—fuelcombination,an
arithmeticmeanwasusedfor input into thelogarithm [(emissionsusing
fuelA) ÷(emissionsusingfuel B)]. Obviously,only vehicles for which
emissionstestswere carriedout usingboth fuels could be usedin the
pairedt-test statisticalanalysis.

Effect of Reid Vapor Pressure

In additionto affectingthe oxygencontent,thepresenceof oxygenates
(andespeciallyethanol)in gasolinecanincreasethe fuel’s RVI’. More-
over,aprimaryeffect of increasingtheRVPof gasolineis to increasethe
evaporativeemissionsfrom LDVs. In the committee’sassessmentof the
impactof oxygenateson RFG emissions,it would beuseful,therefore,if
one could separateout the effect of RVP increasesfrom that of the
addition of oxygen. Toward thatend, it is instructive to assesswhat

effect increasedRVP in theAQIRP fuelshadon the emissionsmeasured
duringthat study. Inspectionof Table7-1 indicatesthattherearethree
fuel pairswith verysimilarpropertiesexceptfor their RVPs;comparison
of theemissionsfrom thesepairsthusprovidesanopportunityto assess
the effect of RVP observedby AQIRP. The fuel pairsare

1. FuelS (oxygen= 0%, RVP = 8.0 psi) vs. fuel F (oxygen = 0%,
RVP = 8.8 psi).

2. Fuel MM (oxygen= 2.7%usingMTBE, RVP = 8.0 psi) vs. fuel
N2 (oxygen = 2.6%usingMTBE, RVP = 8.8 psi).

3. Fuel T (oxygen = 3.4%usingethanol,RVP= 9.3 psi) vs. fuel
U (oxygen = 3.4%usingethanol,RVP = 9.6psO.

The readerwill notethatwhile the first two fuel pairs havea 0.8-psi dif-
ferencein RVP, thethird pair hasonly a 0.3-psidifferencein RVP. Thus,
if RVP hasan effect on emissions,onemightexpectto find a largerdif-
ferencein theemissionsfrom thefirst two pairscomparedwith thethird.

A comparisonof the exhaust,diurnal, and hot-soakemissionsof
thesefuel pairs,andthestatisticalsignificanceof thedifferencesin terms
of thep valuesare presentedin Tables7-3, 7-4, and7-5, respectively.
Little evidenceof a statistically significant effect of RVP is seenfront
thesetables.In mostcases,thep valueswerewell abovethe0.05 thresh-
old to establish95%confidence.However,‘I’able 7-3 indicatesa consis-
tent decreasein CO emissionsfor the useof lower-RVP fuels. This
observationis in agreementwith the findings of Reuteret al. (1992).
whosefindings were basedon elevenfuels in theAQIRP PhaseI study
(including the six usedhere)selectedto investigatethe effectsof RV1~
andoxygenateson vehicularemissions.Reuteret at. (1992) foundthat,
after combiningthe resultsfrom non-oxygenatedfuels with fuels con-
taining MTBE or ethanol,a 1.0-psireductionin RVP resultedin a reduc-
tion in exhaustCO emissionsof 9.l% (significantatthe 95%confidence
levels). On the other hand, some unexpected(even curious) results
appear.Forexample,althoughthe majoreffectof lower RVP is thought
to be to lower evaporativeemissions,the data presentedhereby no
meansconfirm this trend. In fact, for eachemissionscategory,lower
RVP is associatedwith higherdiurnal or hot-soakemissionsin at least
oneof the threefuel pairs consideredhere. In the caseof hot-soak
emissions,a lowerRVP fuel producedahigherreactivitythatwassignifi-
cantatthe 93% confidencelevel.
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% Decrease in
Emissions
Attributable to

Fuel Pair Lower RVP’ p Value2 Summary

A. Effect on mass of VOCemissions (gJmi)

S/F —9 0.2 Data from fuel pairs inconsistent. In
first case, —80%probability that high-

MM/N2 11 0.04 er RVP fuel has lower emissions; in
the second, >95% probability that
lower RVP has lower emissions; and

T/U 1 0.6 in the third, >60% probability that
RVP has no effect on emissions.

B. Effect on mass of CO emissions (g/mi)
S/F 7 0.3 Data indicate >40% probability that
MM/N2 19 0.009 lower RVP fuel has lower emissions.
T/lJ 10 0.4 Probability of Type I error small.

C. Effect on total reactivity (g O3/mi)
S/F —7 0.5 No consistent, statistically significant
MM/N2 12 . 0.2 effect apparent.

T/U 1 0.70
D. Effect on mass of NO, emissions (g/mi}
S/F —7 0.1 No significant and consistent effect

MM/N2 6 0.8 apparent.

T/U ~0 0.2
‘% decrease = [(emissions with low RVP) — (emissions with high RVPfl ±

(emissions with high RVP). Negative value indicates an emissions or reactivity in-
crease with lower RVP.

2Based on logarithms of means.

Effectof OxygenatesUsing MTBE

Inspectionof Table7-1 indicatesthattherearethreefuel pairsthat
canbe usedto assessthe effect of addingMTBE to gasoline,two from
AQIRP PhaseI andone fromAQIRPPhaseII. In eachcase,thefuel pairs
haveessentiallyidenticalRVP5,andas aresult,thecomparisonsarewell-

%Decrease in
Emissions
Attributable to

Fuel Pair Lower RVP’ pValue2 Summary

A. Effect on mass of VOCemissions (g/test)

S/F 36 0.02 Nonoxygenated fuels show significant

MM’N2 03 decrease in emissions with lower RVP.I However, data for oxygenated fuels do

T/U 16 0.2 not consistently confirm this trend.

B. Effect on total reactivity (g 03/test)
Nonoxygenated fuels show significant
decrease in reactivity of emissions
with lower RVP. However, data for
oxygenated fuels do not consistently
confirm this trend.

‘% decrease = [(emissions with low RVP) — (emissions with high RVP)]
(emissions with high RVP). Negative value indicates an emissions or reactivity in-
crease with lower RVP.

2Based on logarithms of means.

TABLE 7-5 Effect of RVP on Hot-Soak Emissions from Three AQIRP Fuel Pairs
% Decrease in
Emissions
Attributable to

Fuel Pair Lower RVP’ pValue2 Summary
A. Effect on mass of VOC emissions (g/test)
S/F 16 0.7 No consistent statistically significant
MM/N2 —20 0.1 effect of RVP on emissions is appar-
T/U 9 0.03 ent.

B. Effect on total reactivity (g 03/test)
S/F 16 0.8 No consistent statistically significani

MM/N2 —31 0.07 effect of RVP on reactivity of emis-

T/U 7 0.1 sions is apparent.
‘% decrease = [(emissions with low RVP) — (emissions with high RVPfl

(emissions with high RVP). Negative value indicates an emissions or reactivity it
crease with lower RVP.

2Based on logarithms of means.

MM/N2 -8 0.1

T/U 13 0.3

TABLE 7-3 Effect of RVPon Exhaust Emissions from Three AQIRP Fuel Pairs TABLE 7-4 Effect of RVP on Diurnal Emissions from Three AQIRP Fuel Pairs
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suitedto isolatingthe effect of the oxygenatedadditive.The fuel pairs TABLE 7-6 Effect of MTBE on Exhaust Emissions from Three AQIRP Fuel Pairs
are

1. Fuel N2 (oxygen= 2.6%usingMTBE, RVP = 8.8 psi) vs. fuel
F (oxygen= 0%, RVP = 8.8 psi).

2. FuelMM (oxygen= 2.7%usingMTBE, RVP = 8.0psi) vs. fuel
S (oxygen= 0%, RVP = 8.0 psi).

3. FuelC2(oxygen= 2%usingMTBE, RVP= 6.8 psi)vs. fuel Cl
(oxygen = 0 %, RVP = 6.9 psi).

With regardto fuel pair C2 andCl, it shouldbenoted that(1) compari-
sonscanbe madewith threetypesof vehicles—currentfleet,Tier 1, and
advancedtechnology—and(2) no dataare availablefor diurnal emis-
sions.

A comparisonof the exhaust,diurnal, andhot-soakemissionsof
thesefuel pairs, and the statisticalsignificanceof the differences are
presentedin Tables7-6, 7-7, and 7-8, respectively.As in the previous
comparisons,thereis little evidencehereto suggestastatisticallysignifi-
canteffectofMTBE. In mostof theemissionscategories,thevariousfuel
pairs producedconflicting results,with the MTBE fuel having lower
emissions(or reactivity) in somecasesandhigheremissions(or reactiv-
ity) in othercases. The most consistenteffect is an increasein NO~
exhaustemissionsfront MTBE (Table7-6D). Therearealsosuggestions
of an increasein the mass and reactivity of hot-soakVOC emissions
(Table7-8B),aswell asa decreasein CO exhaustemissions(Table7-6B)
from the additionof MTBE.

Effect of Ethanol vs. MTBE

Thereare two fuel pairs (both from AQIRP PhaseI) that provide an
indication of therelativeeffectsof usingMTBE or ethanolas anoxygen-
atein RFG. Theseare

1. Fuel T (oxygen= 3.4%usingethanol,RVP = 9.3 psi) vs. fuel
MM (oxygen= 2.7%usingMTBE, RVP = 8.0 psi).

2. Fuel U (oxygen= 3.4%usingethanol,RVP = 9.6psi) vs. fuel
N2 (oxygen = 2.6%usingMTBE, RVP = 8.8 psi).

% Decrease
in Emissions
Attributable

Fuel Pair to MTBE1 pValue2 Summary

A. Effect on mass of VOCemissions (g/mi)

N2/F —2 0.9 Fuel-pair MM/S indicates a signifi-
MM/S 16 0.005 cant benefit of adding MTBE. How-
C2/C1 ever, no statistically significant ef-

Current fleet —1 0.5 fect is apparent from other fuel
Tier I 2 0.6 pairs.
Adv. technol. 6 0.3

B. Effect on mass of CO emissions (g/mi)
N2/F —2 0.2 No consistent, statistically signifi-
MM/S 11 0.4 cant effect is apparent.
C2/C1

Current fleet 10 0.7
Tierl 1 0.2 .

Adv. technol. 7 03 .

C. Effect on total reactivity (g O3/mi)
N2/F —5 0.8 No consistent, statistically signifi-
MM/S 14 0.07 cant effect is apparent.
C2/C1

Current fleet 1 0.2
Tier I 3 0.6
Adv. technol. 6 0.2

D. Effect on mass of NO, emissions (g/rni)

N2/F —17 0.05 Data suggest an increase in NO,
MM/S —3 0.4 emissions from the addition of
C2/C1 MTBE in all but advanced-technol-

Current fleet —6 0.7 ogy vehicles. Likelihood of Type I
Tier I —11 0.1 error is small.
Adv. technol. 2 0.9

‘% decrease = [(emissions with MTBE) — (emissions without MTBE)] ±(emis~
sions without MTBE). Negative value indicates an emissions or reactivity increase
with the addition of MIBE.

2Based on logarithms of means.Note that in both cases,the ethanol-blendedfuel hadaboutthe same
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TABLE 7-7 Effect of MTBE on Diurnal Emissions from Three AQIRP Fuel Pairs
% Decrease
in Emissions
Aftrib utab le

Fuel Pair to MTBE’ pValue2 Summary

A. Effect on mass of VOCemissions (g/test)
N2/F 29 0.03 Data are not consistent.
MM/S —15 0.3
C2/C1 No data —

B. Effect on total reactivity (g 03/test)
N2/F 13 0.1 Data do not indicate a consistent
MM/S -33 0.06 effect.
C2/C1 No data —

‘% decrease = [(emissions with MTBE) — (ernissionswithout MTBE)J ±(reactiv-
ity without MTBE). Negative value indicates an emissions or reactivity increase with
addition of MTBE.

2Based on logarithms of means.

oxygencontentas thatof the MTBE-blendedfuel andthuslessvolume
percentoxygenate(seeTable5-2). A comparisonof ethanolandMTBE-
blended fuels with similar volume percentoxygenate,but different
oxygencontent,is providedby the datafrom theCalifornia EthanolTest
Programdiscussedin thenextsection.It is alsorelevantto notethatthe
ethanol-blendedfuels hadabout a 1-psi higher RVP than the MTBE-
blendedfuel.

A comparisonof the exhaust,diurnal, andhot-soakemissionsof
thesefuel pairs,andthestatisticalsignificanceof thedifferencesarepre-
sentedinTables7-9, 7-10,and7-11,respectively.As in the previoustwo
comparisons,the data presentedhere from the AQIRP study on the
relativebenefitsof ethanoland MTBE areby no meansconspicuousor
striking. Thereis a suggestionthatethanol(or thehigher RVP it engen-
deredin the fuels consideredhere)causedsomewhathigher VOC ex-
haustandevaporativeemissions. In eachcase,however,the effect of
ethanolon the reactivityof the emissionswaslessthanits effecton the
massof theVOC emissions.Finally it is relevantto notethatananalysis
of air toxic emissionsfromtheAQIRP fuelsconsideredheresuggeststhat
there are advantagesanddisadvantagesrelatedto the use of either
oxygenate(seeText Box 7-1). The aboveconclusionsconcerningthe

TABLE 7-8 Effect of MTBEon Hot-Soak Emissions from Three AQIRP Fuel Pairs

% Decrease
in Emissions
Attributable

FuelPair to MTBE’ pValue2 Summary

A. Effect on mass of VOC emissions (g/test)

N2/F 8 0.10 Data are not consistent but, over-
MM/S —32 0.02 all, indicate a small probability that
C2/C1 addition of MTBE causes an in-

Current fleet —23 0.4 crease in hot-soak emissions.
Tierl —17 0.8
Mv. technol. Insufficient —

data

B. Effect on total reactivity (g 03/test)

N2/F 12 0.7 Data are not consistent but, over-
MM/S —38 0.02 all, indicate a small probability that
C2/C1 addition of MTBE causes an in-

Current fleet —11 0.9 crease in the reactivity of hot-soak
Tier J —8 0.5 emissions.
Adv. technol. Insufficient —

data
‘% decrease = [(emissions with MTBE) — (emissions without MTBE)1 ÷(emis-

sions without MTBE). Negative value indicates an emissions or reactivity increase
with addition of MTBE.

2Based on logarithms of means.

effectsof RVP, MTBE, andethanolon vehicleemissionsare generally
consistentwith thosereportedby Dunkeretal. (1996) from a modeling
studyof the impactsof differentgasolinefuelson ozonelevelsin the Los
Angeles,Dallas—Ft.Worth, andNewYork urbanareasusing theAQIRP
dataandthe UrbanAirshedModel.

FUELS AND EMISSIONS DATA FROM
THE CALIFORNIA ETHANOL TESTING PROGRAM

Becauseof the limited numberof testsmadein AQIRP that directly
comparedemissionsfrom MTBE-containingandethanol-containingfuels,
the datafrom that studyprovide only fragmentaryinformationon the
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TABLE 7-9 Effect of Ethanol vs. MTBE on Exhaust Emissions from Two AQIRP
Fuel Pairs

% Decrease
in Emissions
Attributable

Fuel Pair to Ethanol’ pValue2 Summary

A. Effect on mass of VOC emissions (gJmi)
T/MM —11 0.04 Some indication that ethanol might
U/N2 -0 0.08 cause higher VOC mass emissions.
B. Effect on mass of CO emissions (g/mi)
T/MM — U 0.6 No consistent, statistically signifi-
IJ/N2 1 0.4 cant effect is apparent.

C. Effect on total reactivity (g 03/mi)
1/MM —8 0.4 No consistent, statistically signifi-
U/N2 5 0.4 cant effect is apparent.
D. Effect on mass of NO~emissions (g/mi)
T/MM 2 0.4 No statistically significant effect is
U/N2 7 0.4 apparent.

‘% decrease [(emissions with ethanol) — (emissions with MTBE)1 ÷(emis-
sions with MTBE). Negative value indicates an emissions or reactivity increase with
the addition of ethanol.

2Based on logarithms of means.

TABLE 7-10 Effect of Ethanol vs. MTBE on Diurnal Emissions from Two AQIRP
Fuel Pairs

% Decrease
in Emissions
Attributable

Fuel Pair to Ethanol’ pValue2 Summary
A. Effect on mass of VOCemissions (g/mi)
T/MM —12 0.43 Data indicate probability that etha-
U/N2 —38 0.01 nol causes higher mass emissions.
B. Effect on total reactivity (g 03/mi)
T/MM 5 0.81 Data are not consistent, but most
U/N2 —18 0.02

.

likely effect is an increase in reactiv-
ity of emissions from ethanol.

‘% decrease = [(emissions with ethanol) — (mission with MTBE)] ÷(emissions
with MTBE). Negative value indicates an emissions or reactivity increase with the
addition of ethanol.

2Based on logarithms of means.

TABLE 7-11 Effect of Ethanol vs. MTBE on Hot-Soak Emissions from Two AQIRP
Fuel Pairs

% Decrease
in Emissions
Attributable

Fuel Pair to Ethanol’ pValue2 Summary

A. Effect on mass of VOCemissions (g/mi)

T/MM —14 0.29
U/N2 —50 0.003

Data indicate> 30% probability that
ethanol causes higher mass emis-
sions.

B. Effect on total reactivity (g 03/mi)
T/MM 1 0.72
IJ/N2 —40 0.002

Data are not consistent, but the
most likely effect is an increase in
reactivity of emissions from ethanol.

1% decrease = I(emissions with ethanol) — (emissions with MTBEfl ±(emis-
sions with MTBEL Negative value indicates an emissions or reactivity increase with
the addition of ethanol.2Based on logarithms of means.

TExT Box 7-1 Effect of Oxygenates on Toxic
.. Air:Contaminant’Emissions

Exhaust and evaporative emissions of selected air toxics from LDVs using
the six AQIRP Phase I fUels the listed ln.Table 7-12. The data suggest that
the fuels result in similar emissions of 1-3.butadiene and beozene (i.e.,
they fall within the observed variability as Indicated by the standard
deviations of the means). However, there appear to be differences In’.
acetaldehyde and formaldehyde emissions that at least border on being
larger than the observed variability. In the case of acetaldehyde exhaust
emissions,.the ethanOl-containing fuels produce, about a factor of 2 larger
exhaust emissions than that of the MTBE-containing and oxygen-free fuels.
On the other hand, the ethanol-containing fuels tend to result In somewhat
lower exhaust emissions of formaldehyde. It is also interesting to note that’
while MTBE-contatning fuels are generally thought to result in enhanced
exhaust emissions of formaldehyde (see Chapter 6), this trend is not
reflected In the data presented in Table 7-12.
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relative benefits of the two types of oxygenates in RFG. Fortunately, the
California Ethanol Testing Program produced a considerably more-de-
tailed database on this issue. During the program, multiple tests were
made to characterize the emissions from LDVs using a fuel with MTBE
(fuel 63) and a comparable fuel with ethanol (fuel 64). As indicated in
Table 7-1, fuel 63 contained 2.1% oxygen byweight from MTBE and had
an RVP of 6.9 psi; fuel 64 contained 3.9% oxygen by weight from etha-
nol and had an RVP of 7.8 psi. In all other respects (e.g., benzene,
aromatic, and sulfur content), the fuels were essentially identical. Thus,
a comparison of the two fuels directly addresses the question of whether
the tendency for ethanol to increase RVP can be overcome by the addi-
tion of more oxygen. -

Exhaust emissions in the program were measured using the FTP
(Calvert et al. 1993) and the RepOS test procedure.4 The evaporative
emissions measured were hot-soak and 0-24-hr and 24-48-hr diurnal
emissions (see Chapter 4). No running-lossemissions were measured but
were estimated using an emissions model. Because this model is piopri-
etary, its performance could not be assessed by this committee, and as
a result, these emissions estimates are not included in this report. In
addition to measurements of the mass of VOC, NO~,CO, and toxic emis-
sions, the emissions ofhydrocarbon’s, alcohols, carbonyls, and aldehydes
were speciated; thus making possible reactivity calculations for the non-
methane organic gases (NMOGs). A detailed summary ofthe reactivities
of the exhaust and evaporative emissions from fuels 63 and 64 are pre-
seined inAppendix D. These reactivities were calculated using the MIR
scale. The reactivity factors used are found in the California Test Proce-
dure, adopted by CARB in July 1992 and last amended June 24, 1996.

Fourteen vehicles of model years 1990 to 1995 were selected and
classified according to engine family, evaporative family, and emissions-
control technologies and then used to characterize emissions from tht
fuels. Acceptance criteria for each vehicle were based upon a protoco
developed by the In-Use Compliance Section of CARB. This protoco
consisted of a telephone questionnaire, a 10-point inspection of the vehi
cle, and restorative maintenance. The purpose of restorative mainte
nance was to bring the vehicle into manufacturer’s specification and t

ensure that all electrical and mechanical controls are functioning prop
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U- ‘rhe REPO5 is a high-speed, high-acceleration test procedure (CARB 1998)
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erly. Further requirements were that the vehicles pass a smog check, not
exceed specified mileage limits set for the different model years included
in the study, and it be obtained from rental fleets rather than private
owners if possible.

Exhaust and evaporative emissions from each of the 14 vehicles
with both fuels 63 and 64 were measured two times, and in some cases,
three times. (However, tests involving two of the vehicles werediscarded
due to nonstatistical errors.) Thus, the mean emissions from each of the
fuels for each emissions category were derived from almost 30 separate
tests, a much larger number than that typically used to derive the mean
emissions from the AQIRP data discussed in the previous sections. The
larger number of tests in the California Ethanol Testing Program should
make these data more amenable to discerning subtle differences in the
emissions from each fuel.

The analyses suggest that the reactivity of the exhaust emissions for
the ethanol-blended fuel was about 4% less than that of the MTBE-blend-
ed fuel. That decrease is essentially all attributable to an approximate
10% decrease in the mass of CO exhaust emissions for the ethanol-
blended fuel. However, this relatively small decrease in the reactivity of
the exhaust emissions was overwhelmed by the much larger increase in
the mass and reactivity of the evaporative VOC emissions arising from
the use of ethanol-blended fuel. As a result, the reactivity of the com-
bined exhaust and evaporative emissions using the ethanol-blended fuel
was estimated by CARB to be about 17% larger than those using the
MTBE-blended RFG. The committee analyzed data obtained from the
California Ethanol Testing Program before publication of CARB’s (1998)
analysis and before data on the reactivity of CO emissions were avail-
able. The committee compared the reactivities of emissions from fuels
63 and 64 using a two-sample t test (see Table 7-13 and AppendixD).
Since the committee completed its analysis, CARB published its results
of a more-comprehensive analysisof the data from the California Ethanol
Testing Program. Although the results of CARB’s analysis are somewhat
different from those of the committee, the overall conclusions are the
same.

IS THERE A DIFFERENCE BETWEEN CONCLUSIONS
DRAWN ON THE BASIS OF VOC-MASS EMISSIONS AND

THE REACTIVITY OF TUE EMISSIONS?

In Chapter 3, we noted that because of the wide range of VOC species
typically emitted by LDVs and the highly variable chemistry of these

TABLE 7-13 Effect of Ethanol vs. MTBE on Total Reactivity (g 0,/mi or g 0,/test) of
Emissions from Fuels 63 and 64 of the California Ethanol Testing Program

% Decrease
in Reactivity
Attributable

Emissions Type to Ethanol’ p Value2 Statistical Summary

Exhaust based on -9 0.50 No consistent, statistically signih-
FTP composite cant effect is apparent.

Exhaust based on 5 0.3
Rep-OS

Hot Soak -73 0.002 >99% probability that difference
in reactivity is significant.

0-24 Diurnal -60 0.004 >99% probability that difference
in reactivity is significant.

24-48 Diurnal -82 0.002 >99% probability that difference
in reactivity is significant.

‘% decrease = [(emissions with ethanol) — (emissions with MTBE)] ÷(emis
sions with MTBE). Negative value indicates an emissions or reactivity increase wifl
the addition of ethanol.

2Exhaust reactivities did not include CO.

compounds, the mass of VOC emissions might be a poor metric for th4
ozone-forming potential of these emissions. Under some circumstance
a reactivity scale might provide a more-reliable measure. In light of thi

- situation, it is interesting to consider whether the conclusions drawi
above with regard to the relative benefits of ethanol and MTBE ar
affected by which metric is used.

Inspection of the data in Tables 7-3 through 7-13, as well as thos
provided in AppendixD, suggest that the two metrics did in fact produc
some differing results. For example, note in Tables 7-10 and 7-11 tlu
the mass of evaporative emissions from AQIRP fuels with ethanol ai
greater than those from fuels with MTBE. However, for one of the fu
pairs considered, the difference is cut by more than a factor of 2 wh�
measured on the basis of reactivity; in the case of the other fuel pair, tI
reactivity from the ethanol-containing fuel is actually found to be le
than that of the MTBE-containing fuel. However, in this latter case, ti
difference in both the mass and reactivity of emissions was not statis
cally significant.

A contrasting result was obtained for hot-soak emissions from t!
fuels in the California Ethanol Testing Program. In this case, the etharn
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containing fuel also has a larger mass of emissions than the MTBE-
containing fuel. However, tins difference was further enhanced when
the reactivity of the emissions was considered.

Despite these differences, however, it is important to note that, in
none of these instances did the use of the reactivitymetric fundamentally
alter the conclusions that would have been reachedif the mass-emissions
metric had been adopted. For example, note in Table 7-10 that fuel U
(containingethanol) was found to produce higheremissions than fuel N2
(containing MTBE) at a greater than 95% confidence level regardless of
the metric used; the inconsistency between the two metrics isonly in the
magnitude of the difference between the fuels. in the case of fuels T and
MM on the other hand, the mass-emissions metric indicates higher emis-
sions for the ethanol-containing fuel while thereactivity metric indicates
lower emissions for the ethanol-containing fuels. However, in these cases
thep values are relatively large, and thus the differences in the mass and
reactivity of the emissions from two fuels arenot statistically significant.

ANALYSIS USING THE COMPLEX AND PREDICTIVE MODELS

The analyses presented in the preceding two sections could perhaps be
criticized for being based on test results from a limited number of fuels,
and thus not representative of a fleet-wide response to changes in fuel
composition. Indeed, in the case of the AQIRP study the smallness of the
sample size limited the ability to unequivocally conclude that oxygenates
had, ordid not have, an impact. Other researchers (Mayotte et al. 1994)
also find some indications of an impact, but warn that their sample size
was limited as well.

As noted inChapter 4, both EPA and CARB have conducted statisti-
cal analyses of a much larger number of tests to develop models to pre-
dict how the mass of VOC and NO, emissions respond to fuel-composi-
tion changes. (Recall that EPA’s model is called the Complex Model, and
GARB’s is called the Predictive Model). The databases used to develop
both models are similar. The major differences are in the statistical
treatment of the data, and that the Complex Model has a separate
segment for high-emitting vehicles (CARE 1991).

As a final check on the applicability of the results discussed above,
the properties of the 10 fuels listed in Table 7-1, as well as the California

Models. The resulting exhaust and evaporative emissions predicted by
the Complex Model are given in Table 7-14 and the percentage decrease
in exhaust emissions predicted by the Predictive Model, relative to the
reference fuel, are listed in Table 7-1S.~Because neither the Complex
nor the Predictive Models estimate the composition of the emissions,
these models cannot be used to predict changes in the reactivity of the
emissions.

TABLE 7-14 VOCand NO, Emissions for Various Fuels Predicted by EPA’s
Complex Model’

Fuel

Emissions (mg/mi)

NO, Exhaust VOC Evaporative VOC

Cl (low sulfur) 561 375 370

C2 (low sulfur, MTBE) 563 372 355

MM (MTBE) 639 414 585

N2 (MTBE) 633 422 798

T (ethanol, high RVP) 615 420 956

Ii (ethanol, high RVP) 625 430 1060

S 628 414 585

F 627 425 798

CA 64 (low sulfur, ethanol) 571 362 539

CA 63 (low sulfur, MTBE) 567 355 365

CA Phase 2 reference 569 367____________ 385 ___________
‘The results iii this table are based on the Phase I Complex Model, which con-

tains a higher weighting for evaporative VOC emissions than does the Phase Il Com-
plex Model. Therefore, the effects attributable to RVP are expected to be somewhat
larger than the effects that would be observed from the Phase II Complex Model
However, the trends among fuels are expected to be similar.

5The Complex Model calculates the mass of exhaust and evaporative emIs-
sions, and the Predictive Model only calculates the percentage decrease in
exhaust emissions relative to the reference fuel. The Predictive Model does nor
consider evaporative emissions-Phase 2 reference fuel, were input into the Complex and Predictive
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TABLE 7-15 VUC, CU, and NO, Exhaust-Emissions Changes for Various Fuels
Predicted by CARB’s Predictive Model and Draft CO Model’

Fuel

% Change from the CA Phas e 2 Reference Fuel

NO, VOC CO

Cl (low sulfur) —1.9 22 7A

C2 (low sulfur, MTBE) —2.0 —3.3 —1.7

MM (MTBE) 17.5 14.3 16.1

N2 (MTBE) 20.7 11.7 19.3

T (ethanol, high RVP) 25.2 5.0 9.5

U (ethanol, high RVP) 28.6 7.7 12.7

S 12.0 19.2 26.2
F iSA 17.5 28.5

CA64 (low sulfur ethanol) 8.8 —10.0
CA63 (low sulfur, MTBE) -1.2 —5.0 -3.0

~V0Cand NO~values were provided by K. Cleary of CARBin 1999, using a
draft version of the Predictive Model that accounts for RVP changes. CO values are
from CARB’s draft CU model.

Turning first to the results from the Complex Model, one finds two
striking results: (1) the sizable reductions in exhaust emissions arising
from low sulfur fuels; and (2) the increase in evaporative emissions with
ethanol-containing fuels (presumably from the increased RVP of these
fuels). This later result is farmore definitive than, although not inconsis-
tent with, the effect of ethanol discerned from the direct analysis of the
AQIRP data discussed earlier in this chapter. On the other hand, the
small and borderline significant increases in NO,exhaust emissions and
evaporative VOC emissions, as suggested in the AQIRP data, associated
with the addition of MitE are not reflected in the results of the Complex
Model.

Like the Complex Model results, the Predictive Model indicates that
reducing sulfurcontent reduces emissions of all components. Themodel
also projects a decrease in CO emissions from the additionof oxygen—an
effect that was also seen in the analysis of the emissions data from the
AQ!RP fuels.

SUMMARY

An analysis of emissions data and regression-model predictions for a
limited set of RFG blends with a range of properties, that include differ-
ent oxygen contents of MTBE and ethanol, suggests that:

The differences inferred between the VOG emissions of two
fuels using the mass of emissions as a metric varied on occasion with
that inferred using reactivity as a metric. In some cases, consideration
of reactivity decreased the apparent emissions difference and in other
cases it enhanced the difference. However, in no case did the fundamen
tal conclusion concerning the choice of one fuel over another (for th~
fuels studied here), on the basis of statistically significant air-qualit)
benefits, change as a result of using a mass-emissions or reactivity

weighted metric.
• CO emissions account for 15% to 25% of the reactivity o

exhaust emissions from LDVs and thus should be included in reactivit)
assessments because CO contributes to ozone formation due to its larg
amount of emissions.

The addition of MTBE or ethanol appears to have only a smal
effect on the exhaust emissions of RFGs. The most substantial of thesi
appears to be related to the emissions of CO and air toxics. Data fron
AQIRP suggest that ethanol-containing fuels lead to greater exhaus
emissions of acetaldehyde than do fuels with MTBE, but less forinalde
hyde. Data from the California Ethanol Testing Program indicate tha
the exhaust emissions from vehicles using ethanol-containing fuels at
about 1O% lower than those arising from vehicles using fuels with MTB[
There is also some indication that oxygenates in fuels lead to soinewha
higher emissions of NO,—an effect that could have undesired impacts o
air quality in rural areas and on regional scales.

• Ethanol-containing fuels tended to have significantly highE
evaporative emissions (on both a total-mass basis and a reactivit~
weighted basis) than MTBE-containing fuels. This is likely due, at lea
in part, to the fact that ethanol fuels tend to have an approximate 1-ps
higher RVP than the equivalent MTBE fuel. Moreover, the increase in tI
evaporative emissionsfrom the ethanol-containing fuels was significant
larger than the slight benefit obtained from the lowering of the C
exhaust emissions using the ethanol-containing fuel.
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• Based on the findings presented above, the committee con-
cludes that the use of commonly available oxygenates in RFG has little
impact on improving ozone air quality. Also, use of an ethanol-contain-
ing RFG with a 1-psi-higher RVP is likely to produce a negative air-
quality impact. This conclusion is consistent with GARB’s evaluation in
1998 that led to its decision to not allow a i-psi waiver for ethanol-
containing fuels (CARB 1998).

Twoimportant caveats should be noted. The first relates to the fact
that the analysis presented here is based solely on data gathered from
well-maintained vehicles with properly workingcatalytic converters. As
noted in ChaptErs 4 and 6, there is substantial evidence to suggest that
high-emitting motor vehicles (perhaps because of malfunctioning cata-
lytic converters or faulty evaporative controls) can contribute dispropor-
tionately to the VOC and CO emissions arising from a fleetof LDVs, and
the response of high-emitting vehicles to ethanol-blended and MTBE-
blended RFG has yet to be fully characterized. For example, one might
speculate that oxygen in the fuel would provide a greater emissions
benefit for high emitters with faulty catalytic converters than for ordi-
nary vehicles. Becauseethanol fuels often contain more oxygen than the
equivalent MTBE fuel, this might tend to offset the disadvantages of
ethanol-containing fuels implied in the committee’s analysis. However,

the few data on this subject that are currently available are inconclusive
(e.g., see Knepper et al 1993; Mayotte et al. 1994). Moreover, for high-
emitting vehicles with faulty evaporative controls, the use of ethanol-
blended RFG with a higher RVP would most likely lead to elevated
evaporative emissions. For these reasons, the committee recommends
that the effect of RFG on emissions from high-emitting vehicles be
studied in greater detail.

The other caveat relates to the overall effect on ozone pollutionthat
might arise from the emissions differences projected here for MTBE-
containing and ethanol-containing RFG blends. Recall from the commit-
tee’s earlier analyses that the overall effect of RFGs might be an approxi-
mate 20% reduction in the reactivity of LDV emissions and a few parts-
per-billion reduction in peak ozone concentrations. After combining
exhaust and evaporative emi~sions,the use of ethanol, as opposed to
MTBE, as an oxygenate would lead to a decrease in the effectiveness of
RFGs but not a total cancellation. The net effect on ozone concentra-
tions would be extremely small and almost certainly not discernable
from the ambient ozone concentration data.
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October 17, 1995

Dr. Stephen Rattien
Executive Director
commission on Geosciences, Environment and Radiation
National Research council
2100 Constitution Ave. N.W.
Washington, n.c. 20416

Dear Dr. Rattien:

I understand that the Environmental Protection Agency has
requested an evaluation of ~whether the existing data is
sufficient to show that adding ethanol to arc on the basis of
reactivity would not adversely impact the in-use environmental
benefits of the RFG program and that it has also requested your
advice on what additional information would be necessary to allow
such a determination to be made. EPA’s request is related to a
proposal for fuel certification which I discussed at a meeting
with Assistant Administrator Mary D. Nichols in November, 1993.

On September 28, 1995 I convened a hearing of the Senate
coimuittee on Agriculture, Nutrition and Forestry on the role of
ethanol in the reformulated gasoline program. At that hearing, I
discussed EPA’s proposal for a National Academy of Sciences (HAS)
study with Administrator Carol Browner. Our committee hearing
was called to discuss the restraints which current EPA policies
place on refiners who wish to use ethanol blends in reformulated
gasoline and the effect of reduced ethanol use on the farm
economy and on deficiency payments. Under the RFG program, the
EPA judges fuel blends solely by their total mass of emissions of
volatile organic compounds (‘vOcs) - Since the addition of
ethanol to gasoline increases volatility -- and thus increases
‘evaporative’ vocs -- it is difficult for regular ethanol blends
to qualify absent the use of special low 1W? gasoline which is
more expensive and unavailable in many markets.

However, it one considers the actual ozone forming potential
of ethanol blends and not just their mass of emissions, a case
can be made that certain ethanol blends may produce reductions in
VOCs which are just as great as those produced by qualifying
nonethanol blends - Because 10% ethanol blends have greater
oxygen content, they may emit fewer exhaust Vocs than non-ethanol

Dr. Stephen Rattien
October 17, 1995
Page Two

blends. And since exhaust VOcs are believed to have a greater
propensity to form ozone than evaporative vOCs, the greater
reduction in exhaust VoCs achieved by certain ethanol REG blends
may counterbalance their greater mass of evaporative VOCs.
Furthermore, because of the additional oxygen, these blends may
contain less carbon monoxide than non-ethanol blends, further
reducing their tendency to form ozone since carbon monoxide is a
recognized precursor of ozone.

I have proposed that EPA establish a procedure to certify
ethanol blends as equivalent to non-ethanol blends under section
211 1k) (4) (5) of the Clean Air Act, but EPA has so far refused
to do so because it is unsure that there is an appropriate
methodology for making the comparison.

I hope that the HAS Study will have a practical aim; that
is, it will help to determine, in light of the best available
information, the procedures (i.e., the data and analysis) by
which the equivalency of two hlends could be determined with a
reasonable degree of certainty. To the extent that additional
information or studies are necessary before such procedures can
be developed or implemented, I also hope that HAS will identify
the additional information and analyses which would be needed and
that it would work with the EPA and with other concerned parties
to ensure that it is provided.

The HAS study is critical to the implementation of the Clean
Air Act in a manner that allows renewable fuels to play an
importnnt role in the reformulated gasoline program. I therefore
join EPA in urging the National Academy of Sciences to under-take
this effort and I urge that it be completed at the earliest
possible date. If you have any questions, plesse contact me or
Jeff nurnam of my staff at 202-224-7443.
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Appendix C

Equation Set for the Complex Model—
Phase II RFG’

I. BasicVOCexhaustemissionsperformance(summer)

VOCE = VOC(b) + (VOC(b) x Y~(t)÷100) (C-i)

Y~0~(t)= [(w, x Nj + (w2 x l1~)— 1] x 100 (C-2)

where

VOCE = exhaustVOC emissionsin milligramsper mile
Y~0~(t)= exhaust VOC performanceof the targetfuel in termsof

percentagechangefrom baseline
VOC(b)= baseline(summer)exhaustVOC emissions

(= 907.0mg/mi; seeTable5-6)
N, = [exp v1(t)] ÷[exp v1(b)]
I-lw = [exp v2(t)] ÷[expv2(b)]
W~ = weighting factor for VOC normal-emittercomponentof fleet

(= 0.444)

w2 = weighting factor for VOC higher-emittercomponentof fleet
(=0.556)

v1(t) = normal-emitterVOC equationfor targetfuel, as defined
below

EQUATION SETFOR COMPLEX MODEL—PHASE/IRFG 227

v2(t) = higher-emitterVOC equatiotifor targetfuel, as defined
below

v1(b) = normal-emitterVOC equation,definedbelow,with base-
fuel propertiesas input

v2(b) = higher-emitterVOC equation,definedbelow,with base-fuel
propertiesas input

exp(n) = the rootof Naperianor naturallogarithms(e 2.71828)
raisedto the powern.

II. ConsolidatedexhaustVOC equations

For normal emitters:

= (-0.003626x OX?) + (0M000540x SUL) +

(0043295x RVP) + (—0.013504x E200)÷
(-0.062327 x E300) + (0.0282042 x ARO) +

(-0.002858x OLE) + (0.0001060x E2002) +

(0.0004080x E3002) + (-0.0002870x ARO x

= oxygenweight percentof fuel
= sulfurcontentof fuel, in partsper million by weight
= ReidVaporPressureof fuel, in poundsper squareinch

(gauge),measuredat100°F
= 2000 F distillation fraction of the fuel, volumepercent
= 3000 F distillation fractionof the fuel, volumepercent
= total aromaticscontentof fuel, volumepercent
= total olefinscontentof fuel, volumepercent.

v, = (-0.003641 x OXY) + (0.0005219x
(0.0289749x RVP) + (-0.014470><

(-0.068624x E300) + (0.0323712x
(-0.002858x OLE) + (0.0001072x
(0.0004087x E3002)÷(-0.0003481

SUL) +

E200) +

ARO) +

E2002) +

x ARO x

For higheremitters:

E300)(C-3)

E300)(C-4)

v2

where

Oxy
SUL
RVP

E200
E300
ARO
OLE

‘Adaptedfrom 40 CFR80.45.
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[NOTh: the valueof Y~0jt)ascomputedfrom eitherof the aboveequa-
tions is modified by linear factoring functionsinvolving deltas (differ-
encesbetweenactualand“allowable” values)for E200,E300,andARO,
if any or all of thesevolumepercentvaluesfall outsidetheir allowable
ranges.]

HI. Consolidatednon-exhaustVOC equations(PhaseII)

For VOC ControlRegion1 (south)

VOCNE1 = VOCOI1 ÷VOCHS1 + VOCRL1 + VOCRF1 (C-S)

VOCDI1 = [0.007385x RVP2] - [0.08981 x RVP] + 03158 (C-6)

VOCHS1 = [0.006654x RVP2J - [0.08094 x RVP] + 0.2846 (C-7)

VOCRL1 = [0.017768x RVP2] - [0.18746 x RVP] + 0.6146 (C-8)

VOCRF1 = [0.004767x RVPI + 0.0.011859 (C-9)

For VOC ControlRegion2 (north)

VOCNE2 = VOCDI2 + VOCHS2 + VOCRL2 + VOCRF2 (C-b)

VOCDI2 = [0.004775x RVP2] - [0.05872 x RVP] + 0.21306 (C-li)

VOCHS2 = [0M06078 x RVT’2] - [0.07474x RVP] + 0.27117 (C-12)

VOCRL2 = [0.016169x RVP~]- [0.17206 x RVP] + 0.56724 (C-13)

VOCRF2 = [0.004767x RVP] + 0.0.011859 (C-14)

where

N. PhaseII total VOCemissionsperformance—summerozoneseason

VOCSn = (VOCE — 1000) + VOCNEn (C-is)

VOCS1%= [100% x (VOCS1 - 1.4663g/mi)] ÷1.4663g/mi (C-16)

VOCS2%= [100% x (VOCS2 - 1.3991g/mi)] ÷1.3991g/mi (C-17)

where

VOCSn = totalsummerVOC emissionsin control region ii, grams
permile; VOCE, VOCNEn asdefinedabove

VOCS1%= total summerVOC emissionsperformanceof target fuel for
VOC control Region 1 (south),in percentageterms
relativeto baselinelevel

VOCS2%= total summerVOC emissionsperformanceof target fuel for
VOC control Region2 (north), in percentageterms
relativeto baselinelevel.

V. SummerNO~emissionsperformance

NO~ = NO~(b)+ [NO~(b)x Y(t) ÷100) (C-18)

Y~0~(t)= [(z, x N~)+ (z2 x H~)— 1] )< 100 (C-19)

where

= exhaustNo~emissionsin milligramsper mile
= NO~performanceof the targetfuel in termsof percentage

changefrom baseline

VOCHSn = hot soak2VOC emissionsin control regionn, gramsper
mile

VOCRLn = running loss2VOC emissionsin controlregionn, grams
per mile

VOCRFn = refueling2VOC emissionsin control regionn, gramsper
mile.

VOCNEn =

VOCDIn =

total non-exhaustVOC emissionsin control region n,
gramsper mile
diurnal2VOC emissionsin control regionn, gramsper
mile

2SeeChapter4 fordefinitions.Measuredemissionsareapportionedoverdaily
trip distancesthat areassumedin EPA certificationprocedures.

NO~
YNO,jt)
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= baselineNO~emissions(=1340mg/mi, seeTable5-6)
= [expn~(t)]÷[expn~(b)}
= [exp n2(t)] ~- [exp n2(b)]
= weighting factorfor NO~normal-emittercomponentof

fleet (=0.738)
= weighting factor for NO~higher-emittercomponentof

fleet (=0262)
= normal-emitterNO~equationfor targetfuel, as defined

below
= higher-emitterNO< equationfor targetfuel, asdefined

below
= normal-emitterNO~equation,definedbelow,with base-

fuel propertiesas input
= higher-emitterNO~equation,definedbelow,with base-

fuel propertiesas input.

VI. ConsolidatedNO~equations

Fornormalemitters:

= (0.0018571x OX?) + (0.0006921x SUL) +

(0.0090744x RVP) + (0.0009310xE200) +

(0.0008460x E300) + (0.0083632x AltO) -

(0.002774x OLE) - (0.000000663 x SUL2) -
(0.000119x ARO~)+ (0.0003665x 0LE~)

For higheremitters:

= (-0.00913x OX?) + (0.000252x SUL) —

(0.01397x RVP) + (0.000931x E200)-
(0.00401 x E300) + (0.007097x ARO) —

(0.00276x OLE) + (0.0003665x OLE2) -

(0.00007995x ARO2)

[NOTE: the valueof YN0X(t) as computedfrom eitherof theaboveequa-
tions is modified by linear factoringfunctionsinvolving deltas(differ-
encesbetweenactualand“allowable” values)for SUL, OLE, andARO,

VII. Summertoxics emissionsperformance,PhaseII

TOXICSn = EXJ-IBZ + FORM + ACET + BUTA + POM + NEBZn
(C-22)

TOXICS1% = [100% x (TOXICSI - 86.34mg/mi)] ÷86.34mg/mi
(C-23)

TOXICS2% = [100% x (TOXICS2 - 85.61 mg/mi)] ÷85.61 mg/mi
(C-24)

where

TOXICSn = summertoxics performance,VOC Control Regionn,
milligrams permile

TOXICSn% = TOXICS performanceof the targetfuel in VOC Control
Regionii, in termsof percentagechangefrom baseline

EXHBZ = exhaustemissionsof benteneas computedbelow,
milligramsper mile

FORM = exhaustemissionsof formaldehydeas computedbelow,
milligrams per mile

ACET = exhaustemissionsof acetaldehydeas computedbelow,
milligramsper mile

BUTA = exhaustemissionsof 1,3-butadieneas computedbelow,
milligramsper mile

POM = exhaustemissionsof polycyclicorganicmatteras
computedbelow,milligramsper mile

NEBZn = non-exhaustemissionsof benzene,VOC Control Region
n, as computedbelow, milligramsper mile.

VIII. Emissionsequationsfor individual ozone-seasontoxics—
(1) benzene

NO~(b)

zi

z2

n

n2(t)

n1(b)

n2(b)

if anyor all of thesevolume percentvalues fall outsidetheir allowable
ranges.]

n2

(C-20)

(C-21)

EXHBZ = BENZ(b) + (BENZ(b) x Y~N(t)÷100) (C-25)
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YBEN(t) = [(w1 x Nb) + (w2 X H~)- 1] x 100 (C-26)

where

YB~(t) = exhaustbenzeneperformanceof the targetfuel in termsof
percentagechangefrom baseline

BENZ(b) = baseline(summer)exhaustbenzeneemissions
(= 5354mg/mi, from Table5-6)

Nb = [expb1(t)] ÷[expb1(b)]
ft = [exp b2(tfl ÷[exp b2(b)]

= weighting factor for toxics normal-emittercomponentof
fleet (=0.444)

w2 = weighting factor for toxics higher-emittercomponentof
fleet (=0.556)

b1(t) = normal-emitterbenzeneequationfor targetfuel, as
definedbelow

b2(t) = higher-emitterbenzeneequationfor targetfuel, asdefined
below

b1(b) = normal-emitterbenzeneequation,definedbelow,with
base-fuelpropertiesas input

b2(b) = higher-emitterbenzeneequation,definedbelow,with
base-fuelpropertiesas input.

IX. Consolidatedhenzeneequations

For normalemitters:

= (0.0006197x SUL) - (0.003376 x E200) +

(0.0265500x ARO) + (0.2223900x BEN) (C-27)

For higher emitters:
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X. Emissionsequationsfor individual ozone-seasontoxics—

(2) formaldehyde

FORM = FORM(b) + (FORM(b) X Y~
0~1

(t)± 100) (C-29)

Y~
0~

(t) = [(w1 x N1) + (w2 x H1) - 1] x 100 (C-30)

where

YFo~(t) = exhaustformaldehydeperformanceof the targetfuel in
termsof percentagechangefrom baseline

FORM(b)= baseline(summer)exhaustformaldehydeemissions
(=9.70 mg/mi, seeTable 5-6)

N1 = [exp f1(t)] ± [exp f1(b)]
= [exp f2(t)] -~-[exp f2(b)]

f,(t) = normal-emitterformaldehydeequationfor targetfuel, as
definedbelow

f2(t) = higher-emitterformaldehydeequationfor targetfuel,as
definedbelow

f1(b) = normal-emitterformaldehydeequationbelow,with base-
fuel propertiesas input

f2(b) = higher-emitterformaldehydeequationbelow, with base-
fuel propertiesasinput.

n2 = (-0.096047
(0.0112510
(0.2223180

x OX?) + (0.0003370x SUL) -
x E300) + (0.0118820x ARO) +

x BEN)

whereBEN = benzenecontentof targetfuel, volumepercent,andall
othertermsareas definedabove.

(C-28)

XI. Consolidatedformaldehydeequations

Fornormal emitters:

f1 = (-0.010226x E300) - (0.007166x ARO) +

(0.0462131x MTB) (C-31)

Forhigher emitters:

= (-0.010226x E300) - (0.007166x ARO) -
(0.031352x OLE) + (0.0462131x MTB) (C-32)

whereMTB = methyl tertiary-butyl ethercontentof targetfuel,
weightpercentoxygen,andall othertermsare asdefinedabove.
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XII. Emissionsequationsfor individual ozone-seasontoxics—
(3) acetaldehyde

ACET = ACET(b) + (ACET (b) X Y~~pj-(t)÷100)

YAcRT(t) = [(w1 X Na) + (w2 x Ha) - 1] x 100

where

(C-33)

(C-34)

YAcEJ(t) Exhaustacetaldehydeperformanceof the targetfuel in
termsof percentagechangefrom baseline

ACET(b) = baseline(summer)exhaustacetaldehydeemissions
(=4.44 mg/mi, seeTable5-6)

Na = [exp a1(t)] ± [exp a1(b)]
Ha = [exp a2~)]÷[expa2(b)]
a1(t) = normal-emitteracetaldehydeequationfor targetfuel, as

definedbelow
a2(t) = higher-emitteracetaldehydeequationfor targetfuel, as

definedbelow
a1(b) = normal-emitteracetaldehydeequationbelow,with base-

fuel propertiesas input
a2(b) = higher-emitteracetaldehydeequationbelow,with base-

fuel prOpertiesas input.

XIII. Consolidatedacetaldehydeequations

For normalemitters:

a1 = (0.0002631x SUL) + (0.0397860x RVP)

= (0.0002627x SUL) - (0.012157 x E300) -

(0005548x ARO) - (0.055980 x MTB) +
(03164665x ETh) + (0.2493259x ETH)

EQUATION SETFOR COMPLLXMODEL—PHASEIIRFG

whereETB = ethyl tertiary-butylethercontentof targetfuel, weight
percentoxygenandETH = ethanolcontentof targetfuel, weight
percentoxygen,and all othertermsareasdefinedabove.

XIV. Emissionsequationsfor individual ozone-seasontoxics—
(4) l..3-butadiene

BUTA = BUTA(b) + (BUTA (b) x YB~A(t)± 100)

YB~A(t) = [(w1 X Nd) + (w2 x H
4

) — 1] x 100

where

(C-37)

(C-38)

Ya~A(t) = Exhaust1,3-butadieneperformanceof the targetfuel in
termsof percentagechangefrom baseline

BUTA(b) = Baseline(summer)exhaust1,3-butadieneemissions
(=9.38mg/mi, seeTable 5-6)

N4 = [exp d~(O]÷[exp d1(b)]
H4 = [exp d2(t)] ÷[exp d2(b)]
d1(t) = normal-emitter1,3-butadieneequationfor targetfuel, as

definedbelow
d2(t) = higher-emitter1,3-butadieneequationfor targetfuel,as

definedbelow
d1(b) = normal-emitter1,3-butadieneequationbelow,with base-

fuel propertiesas input
d2(b) = higher-emitter1,3-butadieneequationbelow,with base-

fuel propertiesas input.

= (0.0001552x SUL) - (0.007253 x E200) -

(0.014866x E300) - (0.004005x ARO) +

(0.028235x OLE) (C-39)

(0.012172x E300) - (0.005525 x ARO) -

(0.009594x MTB) + (0.3165800x ETB) +

(02492500x ETH)

For higheremitters:

a2

(C-B 5)

XV. Consolidated1,3-butadieneequations

For normalemitters:

d1

(C-36) I For higheremitters:
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d2 = -0.060771x OX?) - (0.007311 x E200) - (0.080274x RVP) + 1.3758] (C-47)
(0.008058x E300)- (0.004005x ARO) +

(0.0436960x OLE) (q-4o) HSBZ2 = 10 x BEN x VOCHS2 x [(-0.0342 x MTB) -
(0.080274x RVP) + 1.4448] (C-48)

whereOX? = oxygencontentof target fuel, weightpercent,and all
othertermsareasdefinedabove. RLBZ2 = 10 x BEN x VOCRL2 x [(-0.0342 x MTB) -

(0.080274x RVP) + 1.4448] (C-49)

XVI. Polycyclic organic matter, mass emissions (milligrams per mile) RFBZ2 = 10 x BEN x VOCRF2 x [(-0.0296 x MTB) -

(0.081507x RVP) + 1.3972] (C-SO)
POM = 0.003355x VOCE (C-41)

All termsareasdefinedabove.
Termsareasdefinedabove.

[NOTE: Forpurposesof comparingweightpercentvs. volumepercentof
oxygen, approximateconversionvaluesarethe following: for MTBE as

XVII. Non-exhaust benzene emissions (milligrams per mile) oxygenate,Wm = Vm x 0.18, and for ethanolas oxygenate,W0 = V~x
0.35,whereW is weightpercentandV is volumepercent.]

NEBZn = DIBZn + HSBZn + RLBZn + RFBZn (C-42)

wheretermsaredefinedas underPartIII above,but “BZ” refersonly
to the benzenecomponentof evaporativeemissions.

ForVOC ControlRegion1:

DIBZI = 10 x BEN x VOCDI1 x [(-0.0290 x MTB) -

(0.080274x RVP) + 1.3758] (C-43)
HSBZI = 10 x BEN x VOCHS1 x [(-0.0342 x MTB) -

(0.080274x RVP) + 1.4448] (C-44)

RLBZ1 = 10 x BEN x VOCRL1 x [(-0.0342 x MTB) -

(0.080274x RVP) + L4448] (C-45)

RFBZ1 = 10 x BEN x VOCRF1 x [(-0.0296 x MTB) -
(0.081507 x RVP) + 1.3972] (C-46)

ForVOC ControlRegion2:

DIBZ2 = 10 x BEN x VOCDI2 x [(-0.0290 x MTB) -
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Data on Emissions from Light-Duty Motor
VehiclesUsing Fuels Selected from the Auto/Oil
Air Quality Improvement Research Program and

the California Ethanol Testing Program



MTBE Blend
N2 9 2.82 ±0.73
MM 12 2.28 ±0.54

auses the SAPRC199O chemical mechanism.
buses the SAPRC1991 chemical mechanism.
cVses the SAPRC1997 chemical mechanism.

Abbreviations: No., number of samples; 5DM, standard deviation of the mean; mm, minimum; max, maximum.

0.95 6.86 3.00±0.16 2.00 3.75
0.74 6.30 3.03 ±0.16 1.98 4.00

TABLE D-2 Diurnal Emissions for Fuels F, 5, U, T, N2 and MM

Fuel Type

97 MIR’ (g Ojtest) VOC (g/test)
mean ±3DM mm maxNo. mean ±3DM mm max

No Oxygenate
F 26 0.782 ±0.092 0.19 1.89 0.311 ±0.035 0.12 0.88

S 9 0.566±0.116 0.19 1.41 0.199±0.034 0.07 0.37

Ethanol Blend
u 9 0.801 ±0.120 0,44 1.56 0.305 ±0,040 0.20 0.55
1 9 0.699±0.113 0.31 1.25 0.256±0.040 0.15 0.51

MTBE Blend
142 9 0.680 ±0.196 0.19 1.75 0.221 ±0.054 0.06 0.55
MM

No Oxygenate

9 0.737±0.124 0.29 1.49 0.228±0.035
.

0.10 0,40

97 MIR Specific Reactivity (g Oilg VOC)
mean ±3DM mm max

F 26 2.55 ±0.14 1.40 4.05
S 9 2.76 ±0.21 1.99 3,86

Ethanol Blend .

U 9 2.60 ±0.14 1.76 3.16
1 9 2.71 ±0.14 2.00 3.34

MTBE Blend
142 9 3,06 ±0.37 1.52 5.63
MM 9 3.23 ±0.22 2.19 4.12
3uses the SAPRC1997 chemical mechanism.

h)a

a
0

TABLE D-1 Exhaust Emissions from Fuels F, S. Ii, T, 142 and MM
Fuel 90 MIR’ (g 03/mi)
Type No. mean ±3DM

91 MIRb (g OJmi) 97 MIRC (g O~/mi) NO~(g/mi) VOC (g/mi)
mean ±3DM mean ±5DM mm max mean ±5DM mm max mean ±5DM mm max

No Oxygenate
F 19 0.480±0.070 0.663±0.096 0.766±0.117 0.34 2.30 0.530±0.065 0.10 1.05 0.201±0.0280,10 0.57
S 9 0.496±0.105 0.687 ±0.146 0.820±0.182 0.43 2.24 0.556 ±0.083 0.13 0.94 0.218±0.047 0.10 0.58

Ethanol Blend
U 11 0.476±0.097 0.658±0.133 0.765 ±0.164 0.31 2,20 0.574±0.087 0.13 1.06 0.205 ±0.040 0.10 0.56
T 10 0.455 ±0.096 0.644±0.133 0.757 ±0.165 0.40 2.20 0.572 ±0.095 0.14 1.11 0.203 ±0.040 0.11 0.55

MTBE Blend
142 9 0.497 ±0.114 0.681±0.156 0.803±0.188 0.39 2.24 0.619 ±0.095 0.11 1.05 0.206 ±0.042 0.11 0.53
MM 12 0,439 ±0.084 0.601 ±0.115 0.703 ±0.139 0.38 2.11 0.583 ±0.073 0.14 0,85 0.283 ±0.031 0.11 0.50

CO Ig/mi) 97 MIR Specific Reactivity (g O~/gVOC)
.mean ±5DM mm max mean ±5DM mm max

No Oxygenate
F 19 2.76 ±0.50 0.95 7.92 2.96 ±0.12 1.68 3.79
S 9 2.57±0.57 1.08 5.68 3.02 ±0.15 1.99 3.74

Ethanol Blend
U 11 2.79 ±0.72 0.81 8.29 2.85 ±0.13 1.87 3.66
T 10 2.52 ±0.60 0.81 6.42 2.93 ±0.15 1.85 3.62



TABLE lJ-3 Hot-Soak Emissions for Fuels F, 3, U, T, 142 and MM
F’O

Fuel Type

97 MIR’ (g 03/test) VOC (g/test)

mean ±3DM mm max .No. mean ±3DM mm max

No Oxygenate
F 26 1.10 ±0.21 0.16 4.37 0.306 ±0.054 0.07 1.11
5 9 0.92 ±0.29 0.20 3.12 0.257 ±0.075 0.06 0.84

Ethanol Blend
U 9 1.36 ±0.27 0.37 3.17 0.422 ±0.082 0.14 0.96
T 9 1.26 ±0.30 0.36 3.55 0.385 ±0.091 Oil. 1.08

MTBE Blend
142 9 0.97±0.31 0.18 3.30 0.282 ±0.085 0.07 0.93
MM

No Oxygenate

9 1.27 ±0.32 0.21 3.55 0.339 ±0.084 0.07 0.91

97 MIR Specific Reactivity (gOJg VOC)

mean ±5DM mm max

F 26 3.43 ±0.09 2.48 4.40
S 9 3.49 ±0.08 3.11 3.84

Ethanol Blend
U 9 3.17 ±0.10 2.56 3.58
T 9 3.28 ±0.10 2.76 3.86

MTBE Blend
N2 9 3.31 ±0.12 2.73 3.93
MM 9 3.73 ±0.12 3.01 4.18
‘Uses the SAPRC1997 chemical mechanism.

TABLE D-4 Exhaust Emissions for Current, Federal Tier 1, and Advanced Technology Vehicles Using Fuels Cl and C2

Fleet
Fuel Cl (no oxygenate) Fuel C2 (MTBE)

Mean ±5DM mm maxMean ±3DM mm max
Current (No. = 9) (No. 17)
1991 MIR (g Odmi) 0.808 ±0.193 0.37 2.28 0.783 ±0.137 0.32 2.32
1997 MIR (g Oilmi) 0.969 ±0.225 0.45 2.68 0.964 ±0.165 0.42 2.69
NO, (g/ml) 0.466 ±0.080 0.13 0.84 0.494 ±0.067 0.09 0.99
VOC (g/mi) 0.239 ±0.050 0.10 0.61 0.241 ±0.038 0.10 0.65
97 MIR specific reactivity 3.38 ±0.17 2.23 4.01 3.42±0.13 2.31 4.09

(g 0~gVOC)
CO (g/mi) 2.46 ±0.65 0.77 6.38 2.21 ±0.40 0.86 6.20
HCHO (mg/mi) 4.9 ±1.2 1.7 14.1 4.9±0.8 1.3 13.6
CH3CHO (mg/mi) 1.6 ±0.4 0.7 4.6 1.6 ±0.3 0.7 4.7
Butadiene (mg/mi) 1.02 ±0.23 0.4 2.7 0.97 ±0.18 0.4 2.9
Benzene (mg/mi) 6.6±1.8 2.8 21.0 7.3±1.6 2.6 25.9

Federal Tier 1 (No. 10) (No. = 10)
1991 MIR (g Oilmi) 0.423 ±0.025 0.34 0.49 0.416 ±0.022 0.27 0.51
1997 MIR (g Odmi) 0.518 ±0.027 0.42 0.59 0.505 ±0.026 0.38 0.69
NO, (g/mi) 0.284 ±0.052 0.16 0.51 0.316 ±0.049 0.13 0.55
VOC (g/mi) 0.121 ±0.005 0.10 0.14 0.118 ±0.006 0.09 0.16
97 MIR specific reactivity 3.51 ±0.14 2.93 3,83 3.52±0.11 2.97 4.04

(g 03Jg VOC)
CO (g/mi) 1.35 ±0.12 0.99 1.94 1.34 ±0.11 0.78 2.19
HCHO (mg/mi) 1.8 ±0.2 0.9 2.3 2.1 ±0.1 1.2 2.6
CH3CHO (mg/mi) 0.66 ±0.08 0.3 0.9 0.63 ±0.06 0.3 1.0
Butadiene (mg/mi) 0.59 ±0.08 0.3 0.9 0.55 ±0.06 0.3 0.8

U)



Fleet

Fuel Cl (no oxygenate) Fuel C2 (MTSE)

Mean ±8DM mm max Mean ±8DM mm max

Federal Tier 1 (Continued) (No. = 10) (No. = 10)

Benzene (mg/mm) 3.3 ±0.2 2.5 3.8 3.4±0.2 2.5 4.2

Advanced Technology (No. 12) (No. = 12)

1991 MIR (g OJmi)
1997 MIR (g Oilmi)
NO, (g/nil)
VOC (g/mi)
97 MIR Specific Reactivity

(g 0~gVOC)
CO (g/mi)
HCHO (mg/mm)
CH3CHO (mg/mi)
Butadiene (mg/mi)
Benzene (mg/mi)

0298 ±0.028
0.371 ±0.025
0.124 ±0.029
0.088 ±0.005
3.56 ±0.19

0.90 ±0.12
1.4 ±0.4
0.44 ±0.12
0.44 ±0.07
2.8 ±0.2

0.19
0.28
0.04
0.07
2.79

0.58
0.5
0.2
0.3
2.2

0.39
0.45
0.25
0.11
4.18

1.39
3.5
1.0
0.8
3.8

0.280 ±0.022
0.349 ±0.026
0.122 ±0.019
0.083 ±0.006
3.53 ±0.11

0.84 ±0.07
1.6 ±0.2
0.48 ±0.09
0.42 ±0.06
2.7 ±0.1

0.14
0.19
0.03
0.06
2.70

0.48
0.7
0.1
0.2
2.0

0.40
3.51
0.26
0.12
4.04

1.26
3.4
1.2
OS
3.3

TABLE D-5 Hot-Soak Emissions for Current Vehicles, Federal Tier 1 Vehicles, and Advanced-Technology Vehicles Using Fuels
ClandC2 .

Fleet
Fuel Cl (no oxygenate) Fuel C2 (MTBE)

Mean ±3DM mm maxMean ±5DM mm max
Current (No. = 8) (No. = 17)

1991 MIR (g Oiltest) 0.360±0.049 0.21 0.56 0.417 ±0.091 0.03 1.80
1997 MIR (g Ojtest) 0.520 ±0.085 0.14 0.94 0.575 ±0.102 0.07 2.11
VOC (g/test) 0.13 ±0.02 0.05 0.24 0.16 ±0.03 0.02 0.52
97 MIR specific reactivity 3.90 ±0.20 2.62 4.70: 3.60±0.15 1.67 4.44

(gO~gVOC)
Benzene (mg/test) 3.7 ±0.6 1.7 6.8 4.0±0.9 0.3 17.6

Federal Tier 1 (No. = 6) (No. = 11)

1991 MIR (g Odtest) 0.566 ±0.172 0.28 1.49 0.659 ±0.150 0J5 1.68
1997 MIR (g Ojtest) 0.748 ±0.241 0.37 2.05 0.805 ±0.198 0.19 2.13
VOC (g/test) 0.18 ±0.06 0.08 0.50 0.21 ±0.05 0.06 0.57
97 MIR specific reactivity 4.07 ±0.15 3.54 4.49 3.79±0.11 3.23 4.41

(g O~gVOC)
Bénzene (mg/test) 5.9 ±2.3 2.0 18.1 6.1 ±1.6 1.1 18.5

Advanced Technology (No. = 1) (No. 3)
1991 MIR (g Oiltest) 2.20 2.11 ±0.41 1.47 3.11

1997 MIR (g O3/test) 2.96 2.62 ±0.46 2.04 3.75
VOC (g/test) 0.94 0.62 ±0.11 0.48 0.89
g 03Jg VOC 3.16 4.27 ±0.12 4.24 4.29
Benzene (mg/test) 17.8 11.6 ±1.8 7.5 15.1

N)a
Ui

TABLE D-4 Exhaust Emissions for Current, Federal Tier 1, and Advanced Technology Vehicles Using Fuels Cl and C2
(Continued)

N)aa



N)TABLE D.6 CARB Emission Testing Results of the FTP Test
Fuel 63 Fuel 64
Total Reactivity Specific Log Total Log Specific Total Reactivity Specific Log Total Log Specific

Vehicle No. 03 (mg/mi) Reactivity Reactivity Reactivity 03 (mg/mi) Reactivity Reactivity Reactivity
2 1033 3.84 1507 3.85 3.18 0.59

1198 3.78 1812 3.51 3.26 0.55

a

1160 3.81
2 Mean 1130 3.81 3.05 0.58 1660 3.68 3.22 0.57
3 249 3.66 329 3.56

215 3.45 360 3.32
3 Mean 232 3.55 2.37 0.55 344 3.44 2.54 0.54
4 644 3.46 906 3.30

629 3.56 590
722

3.55
3.41

4 Mean 637 3.51 2.80 0.55 739 3.42 2.87 0.53
5 895 3.16 816 3.20

870 3.33 1487
1225

3.20
2.95

5 Mean 882 3.25 2.95 0.51 1176 3.12 3.07 0.49
6 744 3.29 547 3.31

572 3.54 . 663 3.24

610 3.78 518 3.56
6 Mean 642 3.54 2.81 0.55 576 3.37 2.76 0.53
7 274 3,38 250 3.44

314 3.28 281 3.32
7 Mean 294 3.33 2.47 0.52 265 3.38 2.42 0.53
8 1199 3.37 1088 3.50

8
9

9
10

10
11

11
13

13
14

14

ttest
pvalue

1056 3.48 1044 3.48

Mean 1128 3.42 3.05 0.53 1066 3.49 3.03 0.54

664 3.21 449 3.44

492 3.42 476 3.37 .

Mean 578 3.31 2.76 0.52 462 3.41 2.67 0.53

584 3.56 647 3.69
577 3.41 624 3.84

569 3.76
Mean 577 3.58 2.76 ass 635 3.76 2.80 0.58

552 3.81 491 3.69 .

469 3.80 612 3.46
Mean 511 3.80 2.71 ass 552 3.58 2.74 ass

521 3.43 615 3.71

3.55 592 3.73
595 3.64

Mean 553 3.54 2.74 ass 604 3.72 2.78 0.57

941 3.42 516 3.56
706 4.32 465 3.65
549 3.56

Mean 732 2.86 0.58 490 3.61 2.69 0.56
Mean 658 2.78 0.548 714 3.50 2.80 0.543

sd 280
sd 81.7

0.205
0.0591

0.0232
a0o668

399
115

0.181
0.0523

0.224
a 0647

0.0228
a 000658

mean

3.76
3.53
0.189
0.0544

F-64-F-63
0.35

F•64-F-63 F-64.F-63 F-64-F-63
0.40 aso a40

N)
a
-4



Vehicle No.
2

TABLE 0.7 CARS Emission-Testing Results of the Re p05 Cell
Fuel 63 Fuel 64

2.15 a 61

3

4

5

6

7

8

2.55 0.60

Total Reactivity
~1j~g~mi)

Specific
Reactivity

Log Total
Reactivity

Log Specific
Reactivity

Total Reactivity
03 (mg/mi)

Specific
Reactivity

Log Total
Reactivity

Log Specific
Reactivity

180.44 3.83 2.26 0.58 151.31 3.88 2.18 0.59
130.64 3.76 2.12 0.57 102.47 3.73 2.01 0.57

Mean 155.54 3.79 2.19 ass 126.89 3.81 210 ass
166.99 4.17 101.98 4.17
118.38 4.01 105.49 4.10

Mean 142.68 4.09 103.74 4.13 2.02 0.62
340.06 3.88 380.06 3.93
366.25 4.00 320.68

354.32
3.89
3.91

Mean 353.16 3.94 351.68 3.91 2.55 0.59
908.54 3.30 756.94 3.09
845.40 3.24 926.93 2.89
1048.35 3.07

Mean 934.10 3.20 841.93 2.99 2.93 a.’M
158.42 4.08 143.91 4.18
128.46 4.06 125.13 4.02
144.61 4.12 99.74 3.83

Mean 143,83 4.09 122.93 4.01 2.09 aso
116.42 3.47 73.04 3.47
124.17 1.99 121.12 3.48 .

Mean 120.29 2.73 97.08 3.48 1.99 0.54
273.45 3.61 292.15 3.57
298.20 3.52 407.08 3.73

297 0.51

2.16 a 61

2.08 a 44

9

10

•11

13

14

ttest
p value

Mean 285.83 3.57 246 ass 349.61 3.65 2.54 a56
85.89 2.77 105.84 3.02
80.83 2.93 73.51 3.10

Mean 83.36 2.85 1.92 ~45 89.67 3.06 1.95 a49
214.00 3.13 103.53 2.81

211.34 3.00 148.80 3.20
139.07 2.76

Mean 188.13 2.96 2.27 0.47 126.17 3.01 2.10 a48
265.93 3.97 245.14 3.96
269.95 3.95 285.10 4.11

Mean 267.94 3.96 2.43 0.60 265.12 4.04 2.42 0.61
27.52 3.05 43.75 3.37
24.70 3.08 19.26 2.73

39.54 3.44
Mean 30.59 3.19 .149 aso 31.50 3.05 .1.50 a48

176.44 3.33 230.01 3.44
194.07 3.45 187.81 3.38

106.58 2.96
Mean 159.03 3.25 220 0.51 208.91 3.41 232 0.53
Mean 239 3,47 2.23 0.539 226 3.26 2.21 0.48
sd 236 0.498 a346 a 0615 220 0.932 0.37 0.22
sdm 68.3 0.144 aico 0.0178 63.4 0.269 ajos 0.065

F-64-F•63 F.64-F-63 F-64-F.63 F-64-F-63
0.34 0.51 0.26 0.43

N)
a
(0



N)
Ui

N)
(31
0

TABLE D-8 CARB Emission-Testing Results of the 1-Hour Hot Soak (SHED)

Vehicle No.

Fuel 63 Fuel 64
Total Reactivity Specific Log Total Log Specific
03 (mg/mi) Reactivity Reactivity Reactivity

Total Reactivity Specific
03 (mg/mi) Reactivity

Log Total
Reactivity

Log Specific
Reactivity

7 687,39 2.87 793.28 2.91
774.40 2.89 1091.27 2.65

7 Mean 730.89 2.88 2.86 a46 942.28 2.78 2.97 a44
8 112.78 2.08 127.00 2.17

103.09 2.57 241.20 2.25
8 Mean 107.94 2.32 203 a37 184.10 2.21 227 0.34
9 204.81 2.65 546.12 2.23

220.84 2.65 496.77 2.39
9 Mean 212.83 2.65 2.33 0.42 521.44 2.31 2.72 0.36
10 873.68 2.90 1762.09 2.75

988.00 2.82 1679.19 2.61
964,17 2.86

10 Mean 941.95 2.86 2.97 0.46 1720.64 2.68 3.24 0.43
11 138.64 2.66 165.89 2.16

111.06 2.32 223.55 2.24
11 Mean 124.85 2.49 2.10 0.40 194.72 2.20 2.29 0.34
13 220.96 2.87 384.84 2.26

133.76 2.58 404.01 2.22
142.61 2.56

13 Mean 165.78 2.67 222 0.43 394,43 2.24 2.60 a35
Mean 381 2.65 242 0.421 660 2.40 268 0.379
xl 361 0213 0.402 0.0356 589 0.259 0.382 0. 0454
sd,n 147 0.087 a164 a0145 241 0.106 aiss 0. 0186

ttest F-64-F-53 F-64-F-63 F-64-F-63 F-64-F-63
pvalue 0,048 0.0063 0.0020 0.0075

Note: SHED = sealed~housing-for-evaporative-determmnationfacility.

TABLE 0-9 CARB Emission-Testing Results of the 0-to 24-Hour Diurnal (SHED)
Fuel 63 Fuel 64
Total Reactivity Specific Log Total Log Specific Total Reactivity Specific Log Total Log Specific

Vehicle No. 03 (mg/mi) Reactivity Reactivity Reactivity 03 (mg/mi) Reactivity Reactivity Reactivity

7 21223.40 2.15 21871.28 2.00
18659.70 2.13 24969.49 2.10 .

7 Mean 19941.55 2.14 4.30 0.33 23420.38 2.05 4.37 0.31
8 4282.02 1.41 11250.40 1.18

4893.90 1.33 8844.45 1.30
8 Mean 4587.96 1.37 3.66 0.14 10047.42 1.24 4.00 0.09
9 2650,33 1.47 4531.86 1,83

2643,23 1.52 - 3869.91 2.07
9 Mean 2646,78 1.50 3.42 0.18 4200.89 1.95 3.62 a29
10 13680.52 2.15 33992.48 1.90

14127.95 2.11 28313.19 1,71
19181.15 1.74

10 Mean 15663.20 2.00 4.19 0.30 31152.83 1.81 4.49 0.26
11 2182.50 1.84 2921.51 1.92

2003.68 2.01 3071.85 2.03
11 Mean 2093.09 1.93 3.32 azs 2996.68 1,97 3.48 0.30
13 2622.41 1.15 2872.04 1.50

1583.05 1.29 3334.12 1.40
1873.49 1.25

13 Mean 2026.32 1.23 3,31 0.09 3103.08 1.45 3.49 0.16
Mean 7830 1.69 3.70 0.219 12490 1.74 3.91 0.235
sd 7900 0.377 0.443 0.0992 12000 0.327 a448 0.0880
sc/rn 3230 0.154 aisi 0.0405 4900 0.134 0.183 0.0359

ttest F-64-F-63 F-64-F-63 F-64-F~63 F-64-F-63
pvalue 0.10 0.63 0.0035 0.59



TABLE 0-10 CARB Emission Testing Results of the 24- to 48-Hour Diurnal (SHED)
Fuel 63 Fuel 64

Total Reactivity Specific Log Total Log SpecificTotal Reactivity Specific Log Total Log Specific
Vehicle No, 03 (mg/mi) Reactivity Reactivity Reactivity 03 (mg/mi) Reactivity Reactivity Reactivity
7

4.29 0.24

1~)
01
to

4.15 0.13

3.51

7
8

8 Ca3~
9 r’~~

—1 ~

10

10
11

11
13

13

ttest

0.12

4.14 0.22

19707.16 1.74 24402.44 1.63
Mean 19391.02 1.73 26078.66 1.62

14637.40 i.36 25633,44 1.37
13557.74 1.33 27628d6 1.40

Mean 14102.57 1.34 26630.80 1.38
3062.17 1.28 6595.22 1.45
3392.42 1.36 6974.17 1.37

Mean 3226.80 1.32 6784.69 1.41
11190.77 1.69 33313.56 1.65
14347.75 1.78 29459.05 1.74
16287.71 1.45

Mean 13942.08 1.64 31386.30 1.69
3217.83 1.38 7084.59 1.28
2879.87 1.54 9709.03 1.26

Mean 3048.85 1.46 8396.81 1.27
4745.35 1.13 4335.13 1.25
2299.48
2662.13

1.21
Ui

. 4959.99 1.18

Mean 3235.65 4647.56 1.21 3.67 0.08
Mean 9490 17300 1.43 4.13 0.152
sd 7200 11900 0.191 0.360 0.0572
sdrn 2940 4870 0.0778 0.147

4.43 0.14

3.83 0.15

4.50 0.23

3.48 0.16

1.17
1.44
0.212
0.0867
F-64-F-63F-64-F-63

3.51
3.85
0.383
0.156
F-64-F-63

0.07
0.156
0.0638
0.0261
F-64-F-63

pvalue 0.024 0.77 0.0022 0.81


